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Abstract 
The measurement of convective mass transfer in process equipment is useful not only for 
predicting mass transfer performance but also for estimating heat transfer capacity through 
established analogies. The swollen polymer technique for mass transfer measurement in-
volves coating the test surface with a polymer layer which is then swollen by soaking in a 
suitable solvent; information about mass transfer rates can then be inferred from the local 
rate of recession of the swollen polymer surface. This technique has three key advantages 
over other methods: the transferred agent may be rapidly replenished simply by re-soaking in 
a bath of solvent; a variety of agents may be used, thus covering a range of experimental 
conditions, and optical techniques such as holographic interferometry can be used to conve-
niently make local measurements over the whole of a substantial area. 
Although the swollen polymer method has been applied by several different workers, it has 
generally been restricted to applications involving forced convection from flat plates, such as 
duct walls. The aim of this work is to demonstrate the applicability of the swollen polymer 
technique to natural convection situations, and so by inference to many mixed convection 
situations of practical engineering interest. This extension to natural convection measure-
ment requires the identification of appropriate solvents and compatible polymers. Hologra-
phic interferometry and similar optical techniques afford an excellent means of measuring 
the local recession of the swollen polymer, but in the optical layouts commonly used the 
object beams intersect the flow field resulting in spurious movement of the fringes. Attempts 
to avoid this problem by employing the 'total internal reflection' optical geometry, in which 
the polymer is viewed from behind through a transparent substrate, have had mixed success, 
some workers reporting severe problems with reduced fringe visibility. 
The present work therefore covers three main areas. First, several suitable polymers (one-
part silicone RTVs, including a certain silicone sealant and Dow Coming's DC 734) and 
swelling agents (aliphatic esters such as iso-Pentyl Ethanoate, iso-Butyl iso-Butanoate and n-
Pentyl Propanoate; alkanes including n-Nonane and n-Decane) have been identified, along 
with effective methods of applying the rubber coatings to both flat and cylindrical substrates. 
The diffusion properties of these new solvent/polymer systems have also been measured. 
Also, various aspects of the holographic system have been examined. The fringe visibility 
problems mentioned above are found to stem from the incorrect location of the optical dif-
fusing screen and are exacerbated by an apparent design flaw in the thermoplastic hologra-
phic camera used by some workers causing the gradual re-localisation of the interference 
fringes after hologram development. Substantial improvements in the lifetime of the thermo-
plastic plates for the holocamera has resulted from surrounding the optical system with a 
simple plastic cUrtain to keep out airborne dirt and dust. The improved optical system has 
been used to look at natural convection mass transfer from a vertical plate, using a variety of 
swelling agents to cover a range of Rayleigh numbers (Ra). For the more volatile solvents 
the results are in fair agreement with the analytical prediction of Lorenz, Sh=0.41 1 Ra"4 . For 
the less volatile swelling agents the measured values are significantly higher than predicted; 
this is believed to be due to background draughts increasing mass transfer rate. Natural 
convection from the cylindrical surface of a vertical rod has also been investigated. 
Other work performed in support of the main project includes the writing of a computer 
program to produce simulated fringe patterns in various geometries, the demonstration of a 
novel swollen polymer system using water and gelatin, and the investigation of temperature 
distributions in vertical rod arrays in free and mixed convection using both thermocouples 
and liquid crystal thermography. 
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Introduction 
Intl: Background 
The measurement of convective mass transfer is useful for not only its 
own sake (such as in the investigation of drying processes) but also in the study of 
heat transfer: accurate predictions of convective heat transfer rates are crucial to the 
design of effective and economical heat transfer equipment. They can be difficult to 
obtain by computational or direct experimental means, and hence there is substantial 
interest in the use of cold, mass transfer analogues. 
The swollen polymer method involves covering the test specimen 
with an elastomeric coating, which is then soaked in solvent. The rubber swells on 
taking up the solvent, and then shrinks back as the swelling agent is removed by the 
transfer process. Local mass transfer rates can then be found from the local rate of 
recession of the coating. This provides a powerful technique for mass transfer mea-
surement that combines the ability to use different transferring substances to model 
different flow situations (Schmidt numbers) with the possibility of using optical 
interferometric techniques to obtain local values of mass transfer rate over the whole 
field of view. It has already been used successfully in various purely forced convec-
tion situations by a numbd of workers. 
One possible application is in the investigation of gas flow in Ad-
vanced-Gas-cooled Reactor (AGR) fuel clusters during refuelling - ABA's software 
suggests coolant supply problems could result in stagnant coolant leading to hot spots 
and component failure. However the software cannot predict certain other possibili-
ties, including the formation of convection cells, which it is therefore necessary to 
explore by experiment (Blundell, 1992). The problem, then, is to find the temperature 
distribution within a rod bundle. One possible approach, which would avoid the 
difficulties of direct thermal experiments, would be to estimate local temperatures 
from the distribution of the heat transfer coefficient, which in turn may be found 
from mass transfer experiments via the heat and mass transfer analogy. 
This project has therefore mainly focussed on the development of 
swollen polymer method with a view to taking local mass transfer measurements on 
curved surfaces under conditions of natural convection. New polymer and swelling 
agent combinations that produce useful natural convection flows in air have been 
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identified and successfully used to investigate convection from a flat plate. A holo-
graphic system that can generate interference fringes over the surface of a vertical 
cylinder has been developed. Parallel work has been carried out on such a rod bundle 
using direct heat transfer measurement (by thermocouples and liquid crystal thermo-
graphy) to provide a comparison for such a mass transferring model, but it has not 
been possible to get as far as modelling a complete rod cluster using a swollen 
polymer. 
1nt2: Convective Heat and Mass Transfer 
The aim of this section is to provide a simple introduction to the prin-
ciples of heat and mass transfer, and hence define many of the terms used later in this 
work. Heat transfer will be considered first, as it tends to be more familiar than mass 
transfer. Figure Tnt.! shows the temperature distribution through a wall being cooled 
by a flow of fluid. The temperature falls linearly through the wall, and the rate of 





where k is the thermal conductivity of the wall. The situation is more complicated in 
the fluid, as heat is transported by a combination of conduction and mixing with the 
bulk of the fluid. A possible simplification is to separate the fluid into a uniform bulk 
and a thin film at the wall through which heat can be treated as passing through by 
conduction; is then given by: 
2=kA(T 1  _Td tZ 
where k is now the thermal conductivity of the fluid and z' is the thickness of this 
fluid layer. As the value of z' is very sensitive to the flow conditions, such as the 
fluid velocity or the surface finish of the wall, in engineering practice it is combined 
with the thermal conductivity of the fluid to give the 'film heat-transfer coefficient' 
h: 
=hA(T 1 -Tf ) 	 Int-2 
Equation Int-2 may be recognised as an expression of Newton's Law of Cooling. In 
an analogous fashion it is possible to define the mass transfer coefficient 0 from the 
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rate of mass transferred per unit area, th: 
.4i = 1 Ms R - 
	 Int-3 









Figure Int. 1: Temperature profile during convective cooling 
Although values for h and 0 can be found experimentally, they will 
only be valid for the conditions under which the measurements were taken. They can 
be made generally applicable by being converted to a dimensionless form. The usual 
dimensionless form of the heat transfer coefficient is the Nusselt number, 
Nu=hL/k 	 Int-4 
where L is a characteristic length scale and k is the thermal conductivity of the fluid, 
while the corresponding non-dimensional mass transfer coefficient is the Sherwood 
number 
ShL/D.. 	 Int-5 
where 	is the diffusion coefficient of the transferred species through the fluid. The
Ij 
relevant fluid properties can be represented by the Prandtl number 
Pr = v/ic 	 Int-6 
for heat transfer, icbeing the thermal diffusivity of the fluid, and the Schmidt number 
Sc = vID.. 
If 
Int-7 
for mass transfer. 
In order to derive mass transfer values from heat transfer data, or vice 
versa, it is necessary to employ an analogy between heat and mass transfer. A 
common analogy, assuming that the Reynolds numbers of the two flows are identi-
cal, is 
Sh = (Sc/Pr)hl'3  Nu 
The quantity Sc/Pr is sometimes referred to as the Lewis number, Le. 
Natural convection flows are caused by the difference in buoyancy 
forces between the modified and the bulk fluid. The analysis of such flows is simpli-
fied by making the Boussinesq approximation; i.e. that density changes only affect 
buoyancy forces (and not, say, the viscosity) and that no stratification of the bulk 
fluid occurs (Gebhart, 1973). It is possible to characterise naturally convective flows 
using the Grashof number Gr, a dimensionless term based on the driving density 
difference. In its most general form. is this given by: 
g L3 p0 (P-Pf) 
Gr= 	 Int-8 
T1 
2 
where p v and Pf  are the densities of the fluid at the wall and in the bulk respectively, 
and p0 is evaluated at some reference position. Tj is the dynamic viscosity of the fluid 
and L is a representative length scale. 
It is common in heat transfer work to make the reference point the 
wall. Substituting the kinematic viscosity v for /p 0 and p v for p0 gives: 
	
g L 3 	p
f') 	 Int-9 Gr= 	Ii 
v2 	
PW 
For heat transfer it is possible to define a temperature coefficient of volumetric 
expansion 13 such that 
and hence 
pw = Pf /{l+(3(T-Tf )} 




The negative sign in Int-10 is normally omitted as it is the magnitude of Gr  that is of 
interest; it is kept in here to signify that the convective flow generated in heat trans-
fer experiments is usually in the opposite direction to the force of gravity. 
In a substantial proportion of natural convection mass transfer work 
the reference density used is the average of the wall and bulk densities (Wilke et al., 
1953; Masliyah and Nguyen, 1975; Lloyd et al., 1972 a and b). However, in most 
other mass transfer work (e.g. Presser, 1972; Goldstein et al., 1973; Sparrow and 
Bahraini, 1980b; Sparrow and Niethammer, 1979; Chang et al., 1977) the reference 
value of p 0 used in Int-8 has been that of the distant bulk of the fluid, Pf.  Again 
substituting V for and Pf  for p0 in Int-8, gives 
gL3( p 
Gr= 	I - - 1 I 	 mt- il 
v2pf 	
) 
Both Int-9 and mt-i 1 are equally valid, though the chosen reference 
point must be used consistently. Here the latter has been used, to allow direct com-
parison with other mass transfer results at low Schmidt numbers. The difference 
between the Grashof numbers obtained from Int-9 and Int- 11 for the naturally con-
vecting systems used in this work is about 3%, which is small compared with the 
scatter in the experimental results. 
Int- 11 can be simplified further for mass transfer in gases. From the Ideal Gas Law 
=ici, 
and so, on the assumption that there is no evaporative cooling (i.e. T = Tf ) and also 
that the total pressure is equal in the bulk of the fluid and at the wall (i.e. that p= P f ) 
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it is possible to simplify Int- 11 to 
1'•-• 
g 	I w 	f 
Gr= 
v2 Mf  
Mf being the molar mass of the bulk fluid, which here is atmospheric air giving 
Mf = MA, and MW  being the average molar mass of the gas at the wall, which may be 
obtained via Dalton's law of partial pressures from 
PS ~ P, - Ps  
M=—M+ 	M MW 	 S A 
Pw 	Pw 
where Ms is the molar mass of the swelling agent, p s is the vapour pressure of the 
swelling agent and pw = Pf  is here the atmospheric pressure Substituting then 
gives 
gL3 p M5 
Gr (L) = _____ _____ 	- - 1 I 	 Int-12 
PA [MA ) 
C 
Reiterating the assumptions incorporated into Int-12, this form for Gr  assumes 
working fluid is a gas 
no evaporative cooling occurs (i.e. T = Tf ) 
no wall blowing (i.e. p, = Pf ) 
are working in an open, infinite space (i.e. 2 = 0) 
If (ii) does not hold, not only will the flow system be one involving combined heat 
and mass transfer and Int-12 be invalid, but it will also not be possible to estimate p5 
at the polymer surface from Tf . 
Assumption (iii) refers to the fact that in mass transfer experiments 
there is a net movement of material away from the test surface, as the transferring 
agent enters the bulk of the fluid. As there is no corresponding effect in heat transfer, 
mass transferring systems for which (iii) does not hold should not be used for 
modelling thermal situations. 
The vigour of a naturally convecting flow is characterised by the 
Rayleigh number Ra, where 
Rat = Grt Pr 	 Tnt-i 3a 
for heat transfer, and 
Ra = Gr Sc 	 Int- 1 3b 
for mass transfer. 
Many expressions, both analytical and empirical, exist that relate Nu 
or Sh to the flow conditions, such as Ra or the Reynolds number Re, for a variety of 
flow geometries. One relation that will be introduced here concerns mass transfer 
from a vertical "isothermal" (i.e. constant concentration) flat plate. From a similarity 
variable analysis (Jaluria, pp  284-286, 1980) it is found that for laminar flow the 
local mass transfer coefficient Sh(x) a distance x along the plate is proportional to 
the fourth root of the local concentration Grashof number Gr  (x), the constant of 
proportionality being a function of Sc; i.e. 
Sh(x) = f(SC) 44Gr(x) 
For Schmidt numbers around unity, the constant of proportionality is found to 
depend on the fourth root of Sc (Jaluria, fig. 3.4, 1980), i.e.: 
Sh(x) = 0.411 44Sc 4 JGr(x) 	 Int-14 
Chapter A: Background to Experimental Techniques in Heat and 
Mass Transfer Measurement 
A.1: Heat Transfer Coefficient Measurement Methods 
General reviews of a variety of heat transfer coefficient measurement 
techniques are given by Eckert and Goldstein (1976) and by Button and Mohamad 
(1983). A common feature of all thermal measurements is that in order to determine 
purely convective heat transfer coefficients it is necessary to exclude the effects of 
conduction and radiative transfer, whether by careful experimental design or by later 
processing of the data. 
A. 1.1: Single Point Measurements 
The traditional instrumentation for heat transfer, still used in much 
experimental work, is based on single-point measurements using electrical sensors 
for temperature and heat flux. Thermocouples operate by the thermoelectric effect, in 
which a temperature-dependent voltage is seen across the junction of a pair of dissi-
milar metals, and have been applied in a wide range of experiments. There are sev-
eral varieties of heat flux gauge: they generally fall into steady-state types (say where 
the temperature difference across a known thermal resistance is recorded) and trans-
ient types (such as slug calorimeters) in which the heat flux is obtained from the time 
taken for the gauge to change temperature by a given amount. 
Although such techniques are well understood and reliable, they have 
several shortcomings; notably that they can only give values at a limited number of 
pre-determined fixed points and that they are invasive, that is, the components must 
be incorporated into the test object without either changing the surface geometry or 
the heat flux or temperature distributions (which can be affected for example should 
the thermal conductivity of the gauge differ from that of the test piece). In addition, 
in experiments where the test object is heated by passing an electrical current through 
it thermocouples can suffer the extra complication of d.c. pickup, where the mea-
sured temperature is distorted by electrical cross-talk from the heating circuit. 
The use of thermocouples and heat flux gauges is discussed by Moffat 
(1990), and a detailed review of all forms of heat flux measurement is given by Diller 
(1993). Equivalent instrumentation based on optical fibres rather than thermocouples 
or platinum resistance thermometers is being developed (Jones and Barton, 1992). 
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A. 1.2: Optical Temperature Measurements 
A. 1.2.1: Refractive Index methods 
Optical techniques have the advantage for fluid mechanical measure-
ments that they are both non-intrusive and, in principle, can react instantaneously to 
any changes in the flow field. The refractive index of a fluid varies with its density, 
which in turn depends on its temperature and (for a gas) pressure. Schlieren and 
shadowgraph techniques are sensitive to the first and second derivatives of the re-
fractive index distribution respectively and tend to be used for qualitative visualisa-
tion where large pressure or temperature gradients are present, such as in shock 
waves or flame fronts. 
Interferometry, whether based on a Mach-Zehnder or other interfero-
meter or on holography, measures the refractive index directly and so can be used to 
produce temperature maps directly. However, there are a couple of major difficulties 
in the application of such interferometric techniques to the measurement of heat 
transfer: the heat flux is not measured, the temperature values recorded are averaged 
along the viewing direction, and only the fluid temperatures can be measured, not 
those of any relevant surfaces. 3-dimensional temperature distributions can be found 
by making measurements in several directions through the flow field and applying 
tomographic techniques, but this is still difficult and time consuming. The wall 
temperature must either be found by an independent technique or by extrapolation 
from the fluid temperature in the region of the wall. Detailed discussion on these 
techniques is given by Hauf and Grigull (1970) and by Goldstein (1983). 
A. 1.2.2: Liquid Crystal Thermography: 
Liquid crystals consist of rod-like molecules which are all lined up in 
the same direction, although there is no order associated with their position (Jones et 
al., 1992). The direction of alignment is known as the 'director' and in 'cholesteric' 
liquid crystals it rotates with height through the crystal, fig. A. 1.2.1, creating a heli-
cal structure which can cause selective reflection of a given wavelength of light. The 
pitch of the helix will change with temperature, so that a different wavelength 
(colour) will be reflected. A coating of the pure crystal is also sensitive to shear, as 
well as airborne contamination, and so for thermography the liquid crystals are often 
used in an encapsulated form, coated with a Gelatin/Polyvinyl Alcohol mixture 





Figure A. 1.2.1: Structure of Cholesteric Liquid Crystal 
The liquid crystal coating can be applied in various ways; commonly 
a micro-encapsulated formulation is sprayed on to the surface in several thin cóáts to 
form a layer about 30-50 gm thick. Their response time is of the order of a few milli-
seconds, and since only a very thin coating is used the thermal resistance is taken to 
be negligible. A thin coat of water-soluble matte black paint can be applied, beneath 
the liquid crystal layer to improve colour contrast. 
Liquid crystal formulations are available that change colour through 
the whole spectrum over bandwidths of between 0.5°C and 50°C, the smallest band-
width being available at approximately 42°C, with operating temperatures between 
roughly -30°C and 100°C. The crystals. can be calibrated to within 0.1°C (Ashforth-
Frost et al., 1992), but care has to be taken that the illumination and viewing direc-
tions are the same at calibration and experiment, as the wavelength reflected has 
angular dependence. 
When the test surface is heated, those areas within the crystals' tem-
perature range change colour to the appropriate hue, and the temperature distribution 
over the surface becomes visible, figure G.2.3. The heat transfer coefficient may 
either be calculated from the steady-state temperature distribution or found by a 
transient process whereby the whole object is first heated to a uniform temperature 
and the evolution of a given isotherm is then studied as the object is allowed to cool. 
As in transient work usually only one hue is monitored, in some work colour-change 
paints (which undergo a chemical change at a single temperature) can be used instead 
(Jambunathan et al., 1987) 
0 VII 
The crystals are physically very fragile, are destroyed by organic 
solvents and gradually damaged by UV radiation and heat. The coated artefact must 
therefore be treated very gently and the coating itself not touched by hand, as acids 
and oils from the skin are sufficient to ruin the crystal film. 
One major difficulty with the application of liquid crystals is that their 
limited temperature range means that it is necessary to have reliable prior knowledge 
of the temperatures to be encountered. Furthermore, if there is a substantial tempera-
ture variation over the surface it may be necessary to use several different formula-
tions on different parts of the surface. Otherwise, in order to get data from the whole 
test area, it is necessary to change the heat flux so that different regions of the test 
object come into the temperature range of the liquid crystal coating. For natural and 
mixed convection experiments this means that the results for different areas of the 
test object may have been taken under substantially different flow conditions. 
Although liquid crystals provide an efficient means of obtaining the 
temperature distribution over an arbitrary object, in order to find the local heat trans-
fer coefficients it is also necessary to know the local heat flux, the determination of 
which can be more difficult. Commonly, electrical surface heating is used to provide 
a uniform heat flux and the local value obtained from the total power input. Moffat 
(1990) gives general details on the technique and analysis of the results, while 
Baughn and Yan (1991) describe several practical methods for its application. 
A.2: Mass Transfer Coefficient Measurement Methods 
A.2. 1: Electrochemical Methods 
Electrochemical techniques have been used in a substantial proportion 
of mass transfer measurements to date. Discussed in detail by Mizushina (1971), by 
Grassman (1979) and by Goldstein (1985), they are based on the property of certain 
electrolytic systems that the rate of the reaction at the electrodes is primarily deter-
mined by the diffusion and convection of the ionic species through the fluid. Both 
surface averaged and local measurements of mass transfer have been made in a vane- 
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ty of geometries with both natural and forced convection. Such methods are however 
limited to liquids (and so high Schmidt numbers), and can't be used with gases. 
Local measurements can only be made by using specially fitted electrodes, whose 
number and position will be fixed in the experimental apparatus during its construc-
tion. 
One intriguing development is that of the electrochemiluminescence 
technique in which an electrolytic system that emits light at the cathode is used. Not 
only are regions of separation and re-attachment clearly visible, but it is also possible 
to measure the local mass transfer coefficient from the intensity of the glow there 
(Howland, Springer and Hill; 1966). 
A.2.2: Solid Sublimation or Dissolution 
Much convective mass transfer work has been based on the sublima-
tion or dissolution of a solid into the fluid flow of interest. A coating of the appropri-
ate compound is applied to the test surface, and is then exposed to the fluid flow. By 
measuring the local rate of ablation or the change in total mass of the coating the 
local or averaged mass transfer coefficients may be obtained. The most commonly 
used substance for such work in air is Naphthalene; overviews of the Naphthalene 
sublimation technique are given by Souza Mendes (1991) and by Goldstein and Cho 
(1995). It is also possible to employ a transient technique by applying a very thin 
uniform coating and comparing the times taken for the coating to be completely 
eroded from different areas of the test surface (Neal, 1975), though this method is 
prone to substantial errors in certain geometries (Brakell and Cowell, 1986). 
A variety of other substances have been used, mostly in forced con-
vection: Acenaphthene was used by Macleod and Stewart (1960) in work to assess 
the suitability of air gauges for profilometry, while Sherwood and Bryant (1957) 
used Camphor and Thymol as well as Naphthalene to study mass transfer from 
cylinders in a compressible flow. Camphene has been used by a number of workers, 
including Grosse-Wilde and Uhlenbusch (1978) who made measurements in both 
forced and natural convection situations, and Camacho Rubio et al. (1984b, 1985) 
who also used Acetamide, Naphthalene and 1 ,4-Dichlorobenzene to investigate mass 
transfer from spheres in flows generated by thermal natural convection through a 
heated tube. These references all use air as their working fluid, but it is also possible 
to do such experiments in liquids: the dissolution of salt into an aqueous solution was 
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used to obtain averaged mass transfer coefficients (Chang et al. 1977), while Aceta-
nilide and Benzoic Acid (Scholtz and Trass, 1963) and trans-Cinnamic Acid (Rao 
and Trass, 1964; Dawson and Trass, 1966) have been used in work on impinging jets 
in the laminar and turbulent regimes. 
One disadvantage of the sublimation/dissolution technique is that after 
each experimental run a new surface must be prepared, by either spraying, casting or 
machining. Another difficulty lies in making the physical measurements: average 
transfer coefficients may be obtained simply by weighing the test piece before and 
after a run, while in the transient technique local values are obtained by timing how 
long it takes for the coating at a given location to disappear. In the steady-state tech-
nique, however, the local mass flux must be determined from the local rate of remo-
val of the coating. Several point by point methods of determining the profile of the 
coating have been used, including dial gauges and air gauges, but these can take a 
long time to map the whole test surface and so can suffer from errors caused by 
natural convection occurring during measurement and, in the case of methods using a 
stylus, there is the possibility of mechanical deformation of the surface. 
By contrast, optical methods are non-contacting and, in principle, can 
record the changes over the whole of a substantial test surface almost instantaneous-
ly. Garner and Grafton (1954) developed a method for measuring the ablation of 
spheres from their silhouettes, but this cannot be generally applied. Initial attempts at 
applying holographic interferometry to subliming Naphthalene were unsuccessful, 
possibly due to de-correlation of the surface (Kapur and Macleod, 1972); though 
these problems have -since been overcome (Behbahani and Stewart, 1989). Grosse-
Wilde and Uhlenbusch (1978) were able to de-sensitise their system to microscopic 
changes in the material surface by using only a single pass through Camphene, which 
is transparent. Moire profilometry techniques have also been applied to the Naphtha-
lene sublimation method for both the cases of a flat plate (Wykes and Wilcock, 1985) 
and a cylindrical rod (Flanagan et al., 1987). 
A.2.3: Swollen Polymer Method 
The problems of microscopic surface changes and the need to cast 
each test surface can be avoided by changing from an ablating coating to one consist-
ing of an involatile elastic polymer that has been swollen to equilibrium by soaking 
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in a suitable solvent, which then acts as the transferring agent. As mass transfer 
proceeds, the volume by which the polymer shrinks as the solvent is released will be 
the same as the volume of the removed solvent (Macleod and Todd, 1973). If the 
polymer layer is thin, deformable and firmly attached to a rigid substrate, the thick-
ness of the coating will then change in proportion to the volume of the swollen 
polymer, so the mass flux can be found from the rate of recession of the swollen 
coating. The swollen polymer method has a number of advantages over subliming or 
dissolving coatings: different swelling agents can be used, covering a range of 
Schmidt numbers; the surface does not need to be cast or machined anew for each 
run, as the polymer can be recharged simply by being placed in a bath of the solvent; 
it can be used in both gases and liquids; the form of the surface is defined by the 
involatile rubber, so that developing surface roughness should not be a problem such 
as has been reported in dissolution experiments by Dawson and Trass (1966); and 
finally the surface recessions can be measured interferometrically. 
If the surface of a thin, deformable coating on a rigid substrate recedes 
by a distance öz during time t, the local mass flux per unit area th can be found from 
the density PS  of the swelling agent and the rate of recession of the surface: 
PS  8z 
A.2-1 
Hence if the local surface recession can be measured it is possible to measure the 
local mass transfer coefficient, as well finding the averaged value by weighing the 
test object before and after it is exposed to the flow. 
Local surface recessions can be measured by a variety of techniques 
such as probes or air gauges, but again these are time-consuming point by point 
methods. Air gauges are also likely to be unsuitable for use in natural convection 
experiments with more volatile solvents, as the air jet is likely to remove a significant 
amount of solvent from the coating during the measurement. Optical methods for 
measuring the local recession of the surface over a wide area can be employed: both 
holographic interferometry (section A.3.2) and electronic speckle pattern interfero-
metry (section A.3.4) have been used successfully by a number of different workers. 
Projected fringe profilometry has also been used with the swollen polymer method 
(Roberts et al., 1995). The polymer most commonly used is a room-temperature 
vulcanising silicone elastomer, such as RTV 615 from GE silicones. 
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Since its inception, the swollen polymer technique has been applied to 
a vast range of situations: Macleod and Todd (1973) tested a latex coating swollen 
with Methyl Salicylate in the context of a longitudinal air flow along a cylindrical 
annulus, while Kapur and Macleod (1974) pioneered the use of holographic inter-
ferometry to obtain local mass transfer coefficients in the case of a jet impinging 
normally on a flat plate. Kapur and Nacleod (1975a) give fringe patterns for several 
situations, including jets impinging both iiörmally and tangentially on flat plates in 
air, a cone in an axial stream of water and the absorption of swelling agent by an 
initially dry polymer coating adjacent to a rotating disc with a swollen coating; while 
Kapur and Macleod (1 975b) studied mass transfer to impinging liquid jets. Kapur 
and Macleod (1976) used measurements obtained with an impinging jet in air to 
determine vapour pressure by comparing the results with theoretical predictions. 
Macleod and Ruess (1975) investigated the overall mass transfer from coaxial cylin-
ders in water, measuring the concentration of swelling agent in the water leaving the 
apparatus by UV spectrophotometry. 
Masliyah and Nguyen (1975) measured the overall mass transfer of 
swelling agent into water under conditions of both laminar and turbulent natural 
convection. Masliyah and Nguyen also used holographic interferometry to invest-
igate the local mass transfer from flat plates to impinging laminar square (1974, 
1976), rectangular (1977) and two-dimensional slot (1979) jets, and Law and Mas-
liyah (1984b) compared experimental measurements to numerical simulations of a 
slot jet. 
Larez (1982) measured the local mass transfer from the walls of 
rectangular ducts. Hay et al. (1982, 1985) investigated the effects on the local mass 
transfer from a flat plate of injecting a cooling film through a row of holes, while 
Hay etal. (1986) extended the technique to also measure the adiabatic wall effecti-
veness, by also injecting a "coolant" film already saturated with solvent. Butcher et 
al. (1984) used electronic speckle pattern interferometry (ESPI) to make measure-
ments of the mass transfer from the inside of a horizontal tube, while Hyne and 
Macleod (1984) used ESPI to investigate the mass transfer due to a turbulent axi-
symmetric jet. The use of ESPI was further developed by Saluja et al. (1988) in the 
contexts of single laminar and turbulent jets and also turbulent jet arrays, while 
Wang et al. (1994) tested a-semi-automatic ESPI fringe analysis scheme using a 
laminar round jet. Gholizadeh (1992) used holographic interferometry to make a de-
tailed investigation into the local mass transfer coefficients due to laminar and turbu- 
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lent jets from both plain and contoured round nozzles at various distances from a flat 
plate. Roberts et al. (1995) measured local mass transfer coefficients on a boiler 
ligament plate, using a projected fringe technique to obtain the contours of the swol-
len polymer. 
An important consideration when using the swollen polymer method 
is that the equilibrium concentration of the solvent at the coating surface is not con-
stant, but falls as the swelling agent is depleted. As an example, the partial pressure 
of a solvent in a gas over a swollen polymer depends on the volume fraction of the 
solvent in the polymer; one relation between the two is the Flory-Huggins equation, 
discussed in section C.3. This puts an upper limit on the mass transfer coefficient that 
can accurately be measured during an experiment lasting a given time using a given 
combination of polymer and solvent. The length of time for which the error due to 
the fall in vapour pressure is not significant is known as the 'constant rate period,' as 
the rate of mass transfer is treated being constant. 
Assuming that the constant rate period lasts while the partial pressure 
of the solvent above the polymer is at least 95% of its value at equilibrium swelling, 
Macleod (eq. 11; 1996) finds that, for experiments in gases, the maximum mass trans-
fer coefficient '3max  measurable during an experiment lasting a time t (s) is given by 
max <3.40 Ps 4 D° R T Af' p' t 05 	 A.2-2 
where P5  is the density of the swelling agent (kg m3), S,e  is the volume fraction of 
the solvent in the polymer when it is swollen to equilibrium, D5 is the diffusivity of 
the swelling agent in the polymer (m 2 s'), R and T are the universal gas constant 
(8.314 J mold K-1 ) and the temperature (K), and MSand ps are the molar mass (kg 
mot') and saturated vapour pressure (Pa) of the solvent respectively. A.2-2 holds for 
'thick' coatings; these are defined as those for which 
th z/(0.38p 5 D4) > 2 
where th is the mass flux to be measured (kg .m 2 s') and z is the thickness of the 
swollen coating (m). 
A.2.4: Other methods 
Many other techniques have been used for mass transfer measure-
ments. For example, a number of workers, such as Pasquill (1943), have used non-
deforming absorbent coatings to hold a volatile evaporating liquid on a test surface. 
Pasquill obtained overall transfer rates to a cross-flow of air from a horizontal plate 
covered in filter paper soaked in a variety of organic liquids by weighing. More 
recently, Verma and Cermak (1974) made local measurements of the rate of evapora-
tion of water from a wavy surface covered in blotting paper and Black et al. (1985) 
measured both local and averaged mass transfer rates from the inside of a vertical 
cylinder lined with blotting paper soaked in Acetone. The local mass transfer mea-
surements of both Verma and Cermak and Black et al. were based on measuring the 
volumetric rate of fluid loss from a known small area of the surface. Hardisty (1980) 
developed a system for measuring the local solvent loss from a drying film of ink 
based on the absorption of infra-red radiation by the solvent remaining in the paper. 
Another optical technique for the measurement of the local rate mass transfer intro-
duced by Utton and Sheppard (1985) is based on the property of certain papers that 
their optical transmittance is a linear function of their degree of wetness within a 
certain range of liquid content. Local mass transfer rates on a variety of both flat and 
curved surfaces have since been measured by embedding a photodetector into the test 
surface behind the paper coating. 
Rather than losing material from the wall to the bulk of the fluid, it is 
also possible to make mass transfer measurements by adsorbing or reacting a tracer 
from the fluid with the wall. Lohrisch (1929) exposed cylinders wrapped in paper 
soaked in phosphoric acid to a flow of air containing ammonia; the local mass trans-
fer coefficients were then found by chemical analysis of the paper. Konar-
Djurdjevié et al. (1974) describe a method in which dye is adsorbed from a fluid 
stream on to an adsorbent surface; quantitative data can be obtained using either 
absorption spectroscopy or colorimetric techniques. Kottke and Schmidt (1985) 
discuss another reacting system, in which Ammonia in the test gas is allowed to react 
with a damp coating containing a Manganese salt applied to the test surface. The 
chemical reaction produces Manganese Dioxide, which is coloured. The distribution 
of Manganese Dioxide over the test surface is found photometrically. A similar 
system for use in liquids, based on the penetration of diluted photographic developer 
into photographic emulsions, was originally used for visualisation (Dasgupta et al., 
1993) and has since been calibrated to allow quantitative values to be obtained 
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photometrically (Dasgupta et at., 1995). Such a system, although a convenient 
method for obtaining local mass transfer data over a large area, is however limited to 
purely forced convection flows in liquids. 
A variety of other mass transfer measurements techniques have been 
used. For example, Maxwell and Nash (1969) coated copper cylinders and spheres in 
mercury to form an amalgam. Overall mass transfer coefficients could then be found 
from the concentration of mercury vapour in the airstream to which the test pieces 
were exposed. Li and Gauvin (1966) used a porous test piece soaked in a saturated 
aqueous solution of a radioactive tracer; when the test piece was allowed to dry in a 
hot dry atmosphere the water evaporated, leaving behind more of the radioactive 
compound in regions of high mass transfer. The mass transfer rate could then be 
mapped out using a Geiger counter. Lewis et al. (1977) also used a porous plate, but 
this time it was suspended in a tank of salt water. Fresh water was injected into the 
porous plate: as it is less dense than brine a natural convection flow was set up. Local 
mass transfer coefficients were found by measuring the concentration profiles in the 
water near the plate with a Mach-Zehnder interferometer. 
One other technique that should be mentioned is that of Klein (1934), 
who used cylinders of ice melting in a cross-flow of warmer air. After the flow had 
been turned off the cylinders were dried and casts made, from which the local surface 
recession was found. It should be noted that this is in fact a heat transfer measure-
ment technique: as long as the film of melted water is thin the entire surface will be 
at the same temperature (0°C) and the local loss of ice is a measure of the local heat 
flux. 
Water might be expected to be ideal for mass transfer measurements 
in air - because of its high diffusivity, the Schmidt number Sc of water vapour in air 
is about 0.6, close to the Prandtl number of air (0.72). Water is also freely available, 
safe and odour free. There are however two major problems facing the use of water 
in such mass transfer experiments: as water is very volatile evaporative cooling can 
be a problem, and water is present in the atmosphere in significant, varying amounts, 
so that the mass transfer driving force will vary unless the humidity is controlled 
during experiments. 
20 
A.2.5: Application of Mass Transfer Measurement Techniques to Natural Convection 
The flow in natural convection experiments is due to the difference in 
density between the bulk of the fluid and that modified by the presence of the test 
object. Many of the mass transfer techniques mentioned above do not produce a 
noticeable density difference in the test fluid, and are therefore useless for natural 
convection experiments. 
A number of workers have made measurements on natural convection 
using the electrochemical technique. Wilke et al. (1953) investigated the overall 
mass transfer from a flat plate for Ra from about 106  to 1012,  comparing the results 
from that technique with others obtained from the dissolution of solids in water. 
Fouad and Ibi (1960) made overall measurements in the turbulent regime, with Ra 
as high as 10 15 . Lloyd et al. (1972a and 1972b) also used a vertical plate, as well as 
an inclined one, but by dividing the test surface into smaller regions they were able to 
obtain quasi-local values (that is, values representing an average over only a small 
part of the entire surface) for laminar, transitional and turbulent flows (Ra between 
about 108  and 1012.  Lloyd and Moran (1974) obtained overall values from a horizon-
tal plate, while Moran and Lloyd (1975) used vertical and downwardly inclined 
plates. Goldstein (1985) describes apparatus for studying electrochemically the 
natural convection from a vertical cylinder, but does not give any results. 
Solid sublimation techniques have also been used in a variety of 
natural convection mass transfer work. Goldstein et al. (1973) obtained the overall 
mass transfer to air from below a horizontal plate coated with Naphthalene by contin-
uous weighing. Sparrow and Bahrami also used Naphthalene sublimation, to find the 
distribution of the mass flux from fins on a horizontal pipe (1980a), and the effects 
of plate spacing and the closing of the edges on the overall mass flux from two paral-
lel flat plates (1980b). The density of Naphthalene vapour is so low that such experi-
ments require special draught-free rooms and can take over a day. Substances with 
higher vapour densities have also been used: Adams and McFadden (1966) used 
para-Dichloröbenzene applied to a heated flat plate to investigate the effects of 
opposing thermal and concentration density differences, obtaining local heat and 
mass transfer coefficients by using a Mach-Zehnder interferometer. From the 
changes in their weight, Presser (1972) found the overall natural convection mass 
transfer coefficients for a vertical flat plate, a horizontal cylinder and whole and half 
spheres coated with subliming Camphene, para-Dichlorobenzene or Camphor. 
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Grosse-Wilde and Uhlenbusch (1978) also used Camphene, but by using frozen-
fringe holographic interferometry to measure the surface recession they were able to 
obtain local mass transfer coefficients for a plate in both natural and forced convec-
tion situations. Experiments based on subliming solids tend to have Schmidt numbers 
Sc of the order of 2, rather than 2000 as for many of the electrochemical systems 
mentioned above, and so the subliming solid experiments have overall Rayleigh 
numbers Ra  of between 10 5 and 108  in experimental equipment of convenient size. 
Chang et al. (1977) have used large blocks of salt dissolving in fresh 
water to obtain overall mass transfer coefficients from flat, rough surfaces inclined 
at various angles, with Ra  between about 104 to 106.  Lewis et al. (1977) instead used 
brine as the working fluid and a vertical porous plate as the test object. A naturally 
convecting flow was generated by injecting fresh water into the plate. The local mass 
transfer coefficients in a situation including surface injection were derived from the 
concentration profiles measured with a Mach-Zehnder interferometer. Pekdemir et 
al. (1992) attempted to apply the photo-evaporative technique of Utton and Sheppard 
(1985) to the case of natural convection from a vertical flat plate, but could not 
obtain repeatable results. 
The swollen polymer technique was applied to natural convection by 
Masliyah and Nguyen (1975), who used 2-Bromopyridine in water to obtain Ra 
from 4x109 to 2x10' 3 . However, as they simply weighed the test plate before and 
after each run the results are overall, rather than local, values. The only other natural 
convection mass transfer experiments found in the literature are those of Black et al. 
(1985), who measured the evaporation of Acetone from the inside of a paper-lined 
cylinder volumetrically, obtaining both local and overall transfer rates, and Camacho 
Rubio et al. (1984b, 1985, 1986), who performed a series of experiments on com-
bined thermal- and concentration-driven mixed convection, where cylinders or 
spheres of Camphene or para-Dichlorobenzene were placed within a heated tube to 
study the interaction of the downdraught driven by concentration differences with the 
thermal updraught due to the surrounding tube. 
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A.3: Application of Interferometric Methods to Mass Transfer Measurement 
A.3.1: Holography 
The history of holography is covered in detail by Leith (1979), and as 
there are many sources, including Caulfield (1979) and Abramson (1981), that de-
scribe the process in detail, it will only be described briefly here. Figure A.3. 1.1 
shows the intersection of light 01  from an object with a second beam R. The beams 
will interfere where they cross, producing regions of constructive and destructive 
interference. These can be seen as areas of light and dark, and can be recorded on 
some kind of photographic material, producing on it an interference pattern D 1 
(fig. A.3.1.2); after developing this becomes the hologram. This pattern can be 
thought of as a complex diffraction grating; it has the remarkable property that if it is 
illuminated by one of the beams that created it (the 'reference beam'), one of the dif-
fracted orders will be a replica of the other original beam 01  (fig. A.3.1.3). There will 
also be the undiffracted reference beam R as well as one that forms a real image of 
the object OR  . The consequences of the reconstructed object beam being an exact 
replica is that it has all the properties, and is therefore indistinguishable from, the 
original: hence a reconstructed object will change when viewed from different direc-
tions giving it a three-dimensional appearance. 
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Figure A.3.1.2: Exposure of Interference Pattern D 1 
Di 
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Figure A.3.1.3: Reconstruction of Object Beam O 
This simplistic explanation assumes that the hologram can be exposed 
instantaneously. In practice it must take a finite time, and so the illumination must 
have certain properties if it is not to blur out the interference pattern D 1 - there must 
be a constant phase difference between the two beams; that is, they must be coherent: 
any sudden jump in the phase of one beam must be accompanied by a similar jump 
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in the phase of the other. This is only possible in practice by generating both beams 
from one laser using a beamsplitter. Lasers are often described as having a coherence 
length: this is the maximum path difference that can separate the two parts of the 
beam before the interference pattern is washed out. 
The materials used can produce the hologram in one of two basic 
ways: amplitude holograms such as those made on conventional silver-halide emul-
sions comprise a pattern of opaque and transparent fringes, whereas phase holograms 
are based on regions of varying optical path length due to local changes in refractive 
index or material thickness. As amplitude holograms function by absorbing the re-
quired parts of the reference beam, the possible diffraction efficiency of such holo-
grams is much lower than that of phase holograms. 
A.3.2: Holographic Interferometry 
A.3.2. 1: General Introduction 
A comprehensive description of holographic interferometry is given 
by Vest (1979), while reviews of its application to fluid flows and heat transfer are 
given by Mayinger and Panknin (1974) and Lockett and Collins (1986); hence it too 
will only be described briefly here. Figure A.3.2.1 shows an object (its position 
indicated by the cross) being reconstructed from a hologram D 1 . If the object is al-
tered and re-illuminated, figure A.3.2.2, a second object beam, 02  is produced. The 
beams O and 02  will interfere to produce light and dark fringes across the field of 
view which represent the changes made to the object on the scale of one half of the 
wavelength of the illumination. The configuration shown in figure A.3.2.2 is known 
as 'live fringe' interferometry, as any changes made to the object will be seen in the 
fringe pattern immediately. By contrast, in 'frozen fringe' interferometry the holo-
graphic plate is exposed to both the original and the modified object before being 
developed, and the fringe patterns are then fixed within the hologram. 
A fringe pattern seen on a flat plate that has been tilted about its centre 
is illustrated in figure A.3.2.3. In this case the area of no change appears bright. 
Successive bright fringes represent successive changes of a wavelength in total 
optical path length. The fringes are usually identified by a fringe order number N 
which is the number of wavelengths by which the optical path length has changed. 
06 R 
The fringe representing no change is the zero-order fringe N = 0. In general, a change 
of one wavelength in the optical path length corresponds to a change of about one-








Figure A.3.2.2: Interference between Reconstructed and Modified Object Beams 
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N= 2 








Figure A.3.2.3: Sketch of Tilt Fringes on a Flat Plate 
A.3.2.2: Frozen Fringe and Live Fringe Interferometry 
In holographic interferometry a comparison is made between the same 
object at two different times; this is unlike conventional (Mach-Zehnder) interfero-
metry, where the object is compared with the reference beam. In frozen fringe inter-
ferometry the comparison is between two fixed moments in time, while in live fringe 
interferometry the current object is compared with that at the moment of exposure. 
Frozen fringe interferograms have several advantages: the holographic 
plate does not have to be removed for developing and then replaced to within a frac-
tion of a wavelength, or developed in situ; both reconstructions will be affected 
equally by any changes in the material due to processing (such as shrinkage during 
fixing or relief of strains within the emulsion), eliminating spurious fringes; and the 
hologram exposures can be taken with any flow stopped, avoiding interference from 
the test fluid or vibration problems. Frozen fringe interferometry also embeds a 
permanent record of the fringe pattern within the hologram and, as both the object 
beams are being reconstructed from the same hologram, low diffraction efficiency is 
not a problem as it is in live fringe interferometry, where the reconstruction needs to 
be of a similar brightness to the directly illuminated object so that the fringes are 
visible. 
27 
The main problem with frozen fringe interferometry can be seen from 
figure A.3.2.3: it is impossible to tell from just the fringe pattern which way the plate 
has been tilted and about where, or even whether it has been tilted or bent about a 
given axis. In order to analyse such fringe patterns it is necessary to identify both the 
zero-order fringe and hence the orders of the others: it is not possible in general to 
assume that the fringe orders steadily increase or fall in a given direction as local 
maxima or minima can occur, especially in mass transfer work. Live fringe inter-
ferometry can settle some of these questions as the development of the final fringe 
pattern can often be followed step by step. Even where this is not possible, informa-
tion about fringe ordering may be obtained after the experiment has been completed 
from the effect on the fringe pattern of deliberately moving or deforming either the 
test object or the hologram. 
In live fringe interferometry, conventional silver-halide amplitude 
holography will generate dark fringes at whole wavelength multiples (Abramson 
p.77, 1981). In phase holography the shade of the zero-order fringe depends on 
whether areas of the plate that have been exposed to light will have longer or shorter 
optical path lengths: the Newport thermoplastic camera generates light fringes for 
whole wavelength changes and dark fringes for half wavelength changes. 
A.3.2.3: Off-line and On-line Interferometry 
Just as there are two ways to perform holographic interferometry it-
self, there are also two ways by which it can be used within a wider experiment, here 
termed 'off-line' and 'on-line' interferometry. In 'off-line' interferometry the fringe 
patterns studied are only those existing at the end of each experimental run. For 
example, here one could use frozen-fringe interferometry to record the fringe pattern 
associated with a fluid flow over a swollen polymer surface by exposing the holo-
gram before and after the test piece is subjected to the flow (Kapur, 1973). It is also 
possible to use live-fringe interferometry in an off-line fashion - the hologram is 
exposed before the flow is started and after it has stopped the fringe pattern seen 
when viewing the test piece through the developed hologram is studied. The use of 
live-fringe interferometry now has the advantage that the fringes may be ordered, say 
by slightly changing the phase of the reference beam (Wang et al., 1994) or by intro-
ducing tilt fringes (Hay etal., 1985; Law and Masliyah, 1984b). In the latter case, the 
zero order fringe may also, be identified if it is in the field of view. 
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It may be noted that in off-line interferometry the test object is not 
required to be part of the optical system while the fluid flow is taking place. For 
example, if a kinematic mount is used to facilitate its exact replacement it becomes 
possible to remove the object completely from the optical system and perform the 
fluid flow experiments elsewhere, avoiding damage to the sensitive optical compo-
nents from dust or vibration associated with the fluid flow apparatus. 
In 'on-line' interferometry the whole process by which the final fringe 
pattern is formed is of interest. As well as requiring an optical system capable of 
producing stable live interferometric fringes on the object during the flow, on-line 
interferometry also generates a lot more data, making analysis a lot more time-
consuming (Appendix 1). However, not only will it always provide complete abso-
lute fringe ordering but it also provides useful qualitative information even as the 
experimental run is being performed. On-line holographic interferometry is usually 
known as 'real-time' holography, but the latter term is also commonly used to refer 
simply to live fringe interferometry in general. 
A.3.3: Thermoplastic Holography 
The phenomenon of the deformation of a molten thermoplastic by a 
stored electrical field was first reported by Swan (1897), who noticed that a pattern 
of electrostatic charge applied to the surface of a piece of Bordeaux resin 1 could 
remain in place for several weeks, and could at any time be made visible by melting 
the resin: the interaction between the repulsive electrostatic forces and the surface 
tension forces resulting in peaks and hollows forming in the molten resin which 
were preserved as it cooled and solidified. Such distortions of the resin surface 
provided a convenient way to visualise the structure of electrical discharges. Later 
Cressman (1963) discovered a second effect: if a more intense but uniform charge 
was applied to the surface, a random pattern of waves referred to as 'frost' could 
form. Although the frost formed randomly, it was found to have a characteristic 
spatial frequency defined by the charge applied to the surface and the thickness of the 
thermoplastic layer. 
1 . Bordeaux resin is a lighter-coloured form of Colophony (or Rosin) produced from 
Pinus Pinaster in the Landes et Gironde region of France. (Thorpe, 1924) 
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By incorporating a photoconductor layer beneath the thermoplastic, 
Gundlach and Claus (1963) were able to produce re-writable black and white images 
by producing frost only on selected regions of the plate. The re-discovery of the 
phase hologram by Cathey (1965) led to the development of a process for thermo-
plastic holography by Urbach and Meier (1966). In order to optimise the response of 
the thermoplastic layer, the parameters of the optical system were chosen so as to 
produce a hologram with a spatial frequency corresponding to that of the frost 
formed in the thermoplastic layer. The possibility of combining the high information 
storage densities of holography into a re-writable system led to a flurry of work 
aimed at the construction of holographic computer memories, involving investiga-
tions of a variety of techniques for depositing the electrical charge across the ther-
moplastic surface and for softening the plastic to develop the hologram, such as RF 
heating or exposure to a solvent vapour. A discussion of various thermoplastic holo-
graphy systems is given by Urbach (1977). 
The main advantage of thermoplastic holography over conventional 
silver halide systems is that the hologram may be rapidly exposed and developed in 
situ, the holograms being ready to view within as little as 20s of exposure. This is 
critical for the application of live-fringe interferometry to the swollen polymer 
method in natural convection situations, as it is necessary to expose and develop the 
hologram well before the swelling agent is exhausted. However, because the plates 
for thermoplastic holography only react to a narrow range of spatial frequencies the 
layout of the optical system is much more crucial than when using silver-halide 
materials, which have only an upper limit on the allowed spatial frequency deter-
mined by their grain size. 
The structure of the holographic plate used by the Newport thermo-
plastic camera is shown in figure A.3.3. 1. Layers of photoconductor and thermoplas-
tic are applied to a quartz substrate bearing an electrically conducting electrode. An 
electrostatic charge may be applied to the thermoplastic surface using a device 
known as a coronatron, which consists of an earthed shroud around a thin wire held 
at a high electrical potential. By moving the coronatron past the plate surface an even 
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Figure A.3.3. 1: Thermoplastic Plate 
A complete charge-expose-recharge-develop cycle is illustrated by fig 
A.3.3.2. First, a uniform electrostatic charge is applied to the surface of the thermo-
plastic, inducing the opposite charge in the conductor. The plate is then exposed; in 
the illuminated regions, the induced charge passes through the photoconductor in-
creasing the electric field across the thermoplastic layer but lowering the potential at 
its surface. The plate then undergoes a second charging cycle which equalises the 
potential over the surface, further increasing the electric field strength. The thermo-
plastic is then heated to its softening point by a pulse of electrical current passed 
through the transparent electrode, allowing it to flow into a new shape. The deforma-
tion of the surface is preserved as the plastic cools and hardens, forming a surface-
relief phase hologram. The hologram may later be erased from the plate by applying 
another heating pulse, which is usually much greater than the first in order to in-
crease the electrical conductivities of the thermoplastic and photoconductor and so 
ensure the plate is completely discharged. Surface tension will then even out the 
thermoplastic surface, and the thermoplastic plate may be re-used, in principle inde-
finitely. 
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Figure A.3.3.2: Principle of Operation of Thermoplastic Holography 
32 
A variety of thermoplastic holography systems are commercially 
available, from just the thermoplastic film to entire camera systems. The system used 
in this work, the HC-300 system from Newport Research, has a sensitivity of 10 
J cm at 633nm and uses thermoplastic plates designed to make at least 300 expo-
sures. A schematic of the Newport thermoplastic holocamera system showing the 
various components is shown in figure A.3.3.3. By contrast, the Instant Holographic 
System recently released by Ultra-Res is much more sensitive, needing just 10 
J cm and, although the plates for the Ultra-Res instrument can only be reused a 
couple of times, they are also much cheaper than those for the Newport equipment. 
One feature common to all thermoplastic systems is that they only have a response at 
a very specific spatial frequency (about 800 lines per mm for the Newport holoca-
mera), unlike conventional photographic emulsions which only have an upper limit 
corresponding to the grain size. 
The HC-301 thermoplastic plates used in the Newport instrument 
have an active area 30 mm square. They have nine-digit serial numbers of the form 
yymmddnnn, where yymmdd represents the date of manufacture and nnn identifies the 
plate within that day's batch, e.g. plate 940616012 was the 12th  plate manufactured 
on the 16th of June, 1994. 
HC-302 
HC-301 














Figure A.3.3.3: Schematic of Newport Thermoplastic Holographic Camera 
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A.3.4: Electronic Speckle Pattern Interferometry 
When coherent light illuminates a rough surface, constructive or 
destructive interference will occur between different parts of the reflected wavefront. 
This effect is seen as a characteristic mottled pattern of light and dark, known as 
'speckle.' By combining the speckle due to an object with a reference beam, it is 
possible to produce at each image point speckle that varies cyclically in intensity as 
the object is deformed. Averaging the image over many speckles can lead to the 
production of fringe patterns representing displacements of the order of half a wave-
length (Jones and Wykes, section 3.1, 1989). This process is actually one of speckle 
pattern correlation rather than true interferometry, and so it is only necessary for the 
viewing system to resolve the speckle rather than the fringes due to the interference 
between the reference and object beams. The speckles can be imaged using a video 
camera and digitised, allowing the correlation to be performed by electronically 
subtracting the stored speckle pattern representing the original object from later 
patterns representing the deforming object (Jones and Wykes, chapter 4, 1989). If the 
digitisation and correlation can be performed sufficiently rapidly, successive fringe 
patterns can be displayed at video frame rates. 
This process, commonly known as electronic speckle pattern inter-
ferometry, or ESPI, can thus produce real-time fringes of interferometric sensitivity 
that are ready for viewing practically instantaneously after the original image is 
stored. The principal disadvantage of ESPI when compared with holographic inter-
ferometry is that it has a much lower resolution. As the current image is subtracted 
from the stored one, the zero order fringe will be dark. 
ESPI apparatus has been produced commercially by a number of 
manufacturers. The instrument from Vinten Ltd. is shown in figure A.3.4. 1; a dia-
gram of the optical system is given as figure 4.10 of Jones and Wykes (1989). The 
instrument has been designed so that the object illumination and viewing directions 
are co-linear. The equipment is built in two sections. That on the left is a small opti-
cal table: the laser, optical system and video camera are protected by a metal cover. 
The knob at the front of this allows focussing of the camera, while other controls on 
the top of the cover change the magnification of the instrument, adjust the reference 
beam intensity and the aperture diameter. The latter adjustment not only changes the 
amount of light reaching the video camera from the object, but also changes the size 
of the speckles: for optimum fringe contrast the speckle size must be matched to the 
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camera resolution. The drum on the side covers a rotatable mirror; this allows the 
instrument to "see" in almost any direction, but for stability it is easiest to mount the 
test object on the flat table. 
The electronic unit at the right contains the digital processor and the 
high-voltage supplies for the laser and the camera tube, to keep these sources of heat 
away from the optical system. The image is digitised as 512 by 512 pixels at 4 bit 
depth (i.e. 16 shades of grey). Successive frames are scanned and subtracted from the 
stored image at a standard video rate (25 Hz); the result is displayed on an external 
monitor and the fringes may thus be recorded on videotape. The electronics unit has 
three operating modes: direct viewing (for camera focussing), addition mode (for 
time-averaged work) and subtraction work (used here). 
I 
Figure A.3.4. 1: Vinten Electronic Speckle Pattern Interferometer 
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A.3.5: Application of Interferometry to Swollen Polymer Method 
A.3.5. 1: Analysis of Fringes in Mass Transfer 
Interferometric techniques generate a pattern of light and dark fringes 
over the surface, which respectively represent changes in optical path length of N and 
N+112 multiples of the illumination wavelength, where N is the local fringe order 
number (section A.3.2.2). 
The change in optical path length through any point over which N 
fringes have passed is thus N?, and so the local surface recession is given by NAJC, 
where C is a geometrical factor relating the change in optical path length to the 
change in thickness of the polymer layer (Appendix 2). The local rate of surface 
recession is then AiX / Ct if N fringes pass a given point in time t and hence the local 
mass flux per unit area rh can be found (from A.2-1): 
Ps N X 
A.3.5-1 
C  
The mass flux is also given by Int-3: 
= 	s M W ( 	 - Cf ) 
Cf , which is the molar concentration of the swelling agent in the bulk of the 
fluid, can be assumed to be zero in many (but by no means all) mass transfer situa-
tions; whereas F is due to the partial pressure of the swelling agent at the surface. 
During the constant-rate period of a coating swollen to equilibrium, when diffusion 
effects within the polymer are unimportant, this will be the vapour pressure of the 
pure swelling agent. 
The ideal gas equation for n moles of gas in a volume V, pV = n R T 
where p and T are the pressure and temperature respectively and R is the universal 
gas constant, can be re-arranged to give 
n/V=pIRT 	 A.3.5-2 
where n / V is then a molar concentration. Hence F is given by 
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a= p5 1(RT) 
where ps is the vapour pressure of the swelling agent at temperature T. 
Substituting for F and Ff into Int-3 thus gives 
1Ps 
in =  
A.3.5-3 
A.3.5-4 
Combining A.3.5-4 with A.3.5-1 and re-arranging gives: 
Ps X R  N 
C Mp5 t 
Combining A.3.5-5 and Int-5 we get: 
A.3.5-5 
Ps  X RT NL 
Sh = 	 A.3.5-6 
C MP5 t DSA 
It is thus possible to determine the local Sherwood number by measuring only the 
local fringing rate Nit, if the physical properties of the solvent and optical system are 
known. 
Ideally it would be possible to repeat any given experimental run 
under identical conditions. In practice, however, it is likely that at least the ambient 
temperature will change, and indeed it may be necessary to change to a different 
swelling agent. It can therefore be useful to compare the rates at which fringes will 
pass a given point under different ambient, rather than imposed flow, conditions. In a 
purely forced convection situation, the Sherwood number will depend only on the 
flow and the Schmidt number; hence, assuming the same flow and optical geometry 
(and ignoring the change in Sc, which will be small for similar solvents), the same 
result will be obtained when the measurement is made under a reference set of condi-
tions: 
?. R T0 No L 
Sh = 	 A.3 .5-7 
C M50 p,0 10  DSAO 
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Combining A.3.5-6 and A.3.5-7 and re-arranging gives: 
(p5 T DSAO PS,O MSO') 
(N0/t0) = 
	
	 ) (Nit) 	 A.3.5-8 
p,0 T0  DSA  PS M  
Equation A.3.5-8 gives the fringing rate (N0/t0) that would have been observed if an 
experiment giving a fringing rate of Nit had instead been carried out under a refer-
ence set of conditions (subscript 0). This can be useful when comparing two different 
solvents, if for example the fringes are passing across a point of interest too rapidly 
to be counted accurately, and it is desired to change to a swelling agent that will give 
lower fringing rates. 
With natural convection the situation is much more complicated as 
variations in ambient conditions can change the Grashof number Gr  and thus the 
induced flow: in general measurements made under different atmospheric conditions 
cannot then be simply compared. However, by keeping the same swelling agent, we 
can expand Int-14 and combine with A.3.5-6. After gathering all the constant terms 
together as K and re-arranging we have: 
3/4 	1/4 	,1I4 T D5 PA PS v (Nit) A.3.5-9 
As before we can construct the analogous equation representing standard conditions 
and substitute in, to get: 
(No it0) = 









V ) 1/4 
(Nit) A.3.5-1O 
Given a fringing rate (Nit) observed under arbitrary ambient conditions, A.3.5-l0 
allows the calculation of the fringing rate (N0it) that would be observed under refer -
ence conditions (subscript 0). Both A.3.5-8 and A.3.5-10 assume changes in the 
refractive index of swollen polymer due to temperature are negligible. A.3.5-10 also 
assumes that S/i oc  Ra"4 and that Gr  is given by Int-12. 
A.3.5.2: Optical Layouts 
A.3.5.2. 1: Transparent Substrate and Polymer - Single Pass 
Swollen 




Figure A.3.5. 1: Transparent Substrate and Polymer - Single Pass Optical Layout 
In this optical layout an expanded laser beam passes through both a 
transparent substrate/test object and the swollen polymer coating (fig. A.3.5. 1); this 
is essentially the system used with subliming Camphene by Grosse-Wilde and 
Uhlenbusch (1978) and with Naphthalene by Behbahani and Stewart (1989). Such a 
layout is not sensitive to normal displacements of the test surface and is less sensitive 
than other layouts to de-correlation of the surface, but it has the disadvantage of 
needing optical access from both sides of the test object and so has not been widely 
used. More details may be found in Kapur and Macleod (1974) and in Law and 
Masliyah (1984a). 
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A.3.5.2.2: Direct Viewing of Polymer 
A.3.5.2.2a: Opaque Polymer 
Test Surf, Holographic 
Plate 
Figure A.3.5.2: Direct Viewing of Opaque Polymer 
Here an opaque polymer is used and the change in path length ob-
tained directly from the transferring surface. As the front surface of the polymer is 
normally smooth such a layout will be prone to glare caused by the beam expander. 
This layout has been little used, although an opaque polymer was combined with 
Moire profilometry by Roberts (1993). Again, more details are given by Kapur and 
Macleod (1974) and by Law and Masliyah (1984a). 
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A.3.5.2.2b: Transparent Polymer 
Test Surf Holographic 
Plate 
Figure A.3.5.3: Direct Viewing of Transparent Polymer 
It is also possible to use a transparent polymer with an opaque sub-
strate (fig. A.3.5.3). The change in the total optical path length is now due to differ-
ing path lengths in the polymer and the fluid. This is a very commonly used confi-
guration and will henceforth be referred to as the 'Front Viewing Geometry.' 
In this layout it is possible to avoid the glare from the smooth front 
surface of the polymer by using a very rough substrate to diffuse the light and view-
ing the surface at a different angle to the illumination (fig. A.3.5.4). Using the sub-
strate as a diffuser also localises the interference fringes on the test surface; this 
means that any imaging system will naturally have both the surface and the fringes 
in good focus. The geometrical factors (C in A.3.5-6) for a plate and a rod in the 
front-viewing geometry are derived in Appendix 2. 
Previous mass transfer work using on-line interferometry with the 
front viewing geometry in an impinging jet situation (Gholizadeh, 1992; Gray and 
Halliday, 1986) has found there can be substantial spurious movements of the fringes 
about their mean position, which can make it difficult to measure accurately fringe 
movement. As the effects were much stronger when the impinging jet was actually 
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on, it was concluded that they are caused by an interaction between the laser beams 
and the flowfield. These random perturbations have been separated into two distinct 
effects: the concerted motion of all visible fringes - termed "woozing" - and localised 
movements, say only of part of one fringe, known as "wavering". Woozing is be-
lieved to be caused by varying refractive index in the path of the reference beam, 
whilst wavering is caused by local refractive index variations near the test object. 
The refractive index changes are thought to be due to changes in density caused by 





Figure A.3.5.4: Glare Avoided by Viewing at Oblique Angle 
Woozing and wavering effects have not been reported in work with 
frozen fringes, as both exposures take place in quiescent fluid (although the fringes 
are fixed, the effects could be seen; for example in an impinging jet experiment wa-
vering could be indicated by the fringes not being circular). Also, some workers (e.g. 
Hay et al., 1982) have only used live fringe interferometry in an off-line fashion to 
determine fringe ordering, and so also avoided the phenomenon. 
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A.3.5.2.3: Total Internal Reflection Geometry 
Two major problems are encountered in applying on-line interfero-
metry in the front-viewing geometry: the woozing and wavering effects, believed to 
be due to the light beams passing through the test fluid, and the test surface being 
obscured from view by flow apparatus such as jet nozzles. The latter can sometimes 
be eased by viewing the test surface from one side, but this may also introduce paral-
lax or perspective problems. One possible solution to these problems, proposed by 
Harper and Macleod (1978), is to view the surface of a transparent polymer from 
within, using the phenomenon of total internal reflection (figure A.3.5.5). A prism 
provides a convenient means of passing light into and out of the polymer layer. The 








Figure A.3.5.5: The Total Internal Reflection Geometry 
Such a layout has a number of other advantages: it is more sensitive 
than the other optical geometries and it also makes much more efficient use of the 
available illumination. As the optics are separated from the fluid, it also raises 
possibilities of performing measurements with opaque fluids or two-phase flows, or 
of looking at mass transfer in situations involving clotting or other deposition. As the 
flow field is optically isolated from the interferometric system, it is possible to simul-
taneously use another optical technique such as laser Doppler velocimetry or particle 
image velocimetry to examine the fluid itself. 
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In previous work, with the Newport thermoplastic camera Gholizadeh 
(1992) found that live fringes in the total internal reflection geometry had a tendency 
to lose contrast and fade from view, and ascribed this to the de-correlation of the 
polymer surface. No such problems have been mentioned in other work with the total 
internal reflection geometry, such as that by Law and Masliyah (1984b) who used 
live fringes off-line to check fringe ordering, and Saluja et al. (1988) who employed 
on-line interferometry with an ESPI system. Larez (1982), however, only produced 
disappointing frozen fringe patterns and was unable to obtain useful live fringe re-




In order to know the local heat or mass transfer coefficient, it is 
necessary to measure both the local flux of the desired quantity and the local tem-
perature or concentration difference. A variety of heat and mass transfer measure-
ment techniques have been reviewed in this chapter, and it has been found that the 
simultaneous accurate measurement of local temperature and heat flux values over a 
wide surface is difficult for a number of practical reasons. 
Mass transfer techniques can avoid some of these problems, but only 
a few of those-proposed so far can generate the fluid density differences needed to 
make natural convection measurements. Of these, electrochemical methods cannot 
be used to make local, whole-field measurements and are restricted to Sc of the order 
of iO3 , rather than Sc of the order of 1 as needed for modelling natural convection in 
air. Subliming solids have more appropriatevalues of Sc, but the test pieces require 
re-casting before each run, and the gradual roughening of the surface as mass transfer 
proceeds makes the application of interferometric techniques difficult. The swollen 
polymer method appears the most promising: it allows the use of a series of agents 
allowing both the Grashof and Schmidt numbers to be varied; it can be used in both 
gases and liquids; and, in association with panoramic optical measurement techni-
ques, it allows local mass transfer coefficients to be found across the whole of a test 
object. 
The continuous surface recession in natural convection requires that 
for live fringe work interferograms be processed quickly to be available before the 
end of the constant rate period. Thermoplastic holographic interferometry and ESPI 
are both suitable for making such measurements. A number of optical layouts in 
which they might be applied have been considered. The total internal reflection 
geometry appears the most promising, as it avoids unfavourable interaction between 
the light and the test fluid. On-line, rather than off-line, interferometry is felt to be 
advantageous in that it allows complete fringe ordering without any need to ensure 
that the zero-order fringe remains in the field of view. It was therefore decided to 
extend the swollen polymer method to natural convection situations, while also iden-
tifying and eliminating the difficulties encountered with the total internal reflection 
geometry by other workers. 
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Chapter B: Apparatus and Techniques 
The aim of this chapter is to describe the equipment and techniques 
used in this work, including not only a description of the apparatus itself but also a 
discussion of its failings and an investigation of how they may best be avoided. 
B.!: General Apparatus Description 
B. 1.1: Holographic Optical System 
B.1.l.1: General 
Holograms were made using the standard off-axis holography techni-
que. The polarised laser beam was split by a variable ratio polarising beamsplitter. 
The object and reference beams were then guided with front surfaced mirrors and 
expanded and spatially filtered with microscope objectives and pinholes (fig. B. 1.1). 
The unexpanded beams were enclosed in plastic tubing to try to prevent woozing and 
wavering by keeping solvent vapour away. 
The optical system was laid out on a 4' by 8' air-cushioned optical 
table manufactured by the Newport Research Corporation situated in a 10' by 15' 
darkroom. The table was surrounded by an enclosure consisting of a solid roof the 
same size as the table and directly above, from each side of which hung a transparent 
plastic sheet down past the side of the table. Velcro strip could be used to fasten 
together the edges of neighbouring sheets. This curtain helped to isolate the convec-
tion region from stray draughts and temperature fluctuations and to keep dust away 
from the sensitive thermoplastic plates. 
B.1.l.2: Laser 
All the experiments were carried out with a red (0.633tm) Helium-
Neon laser with a polarised output. For the impinging jet and early natural convec-
tion work a Spectra-Physics type 124A laser producing 23-28mW with a coherence 
length of 15cm was used. The rest of the natural convection work was performed 
with a Spectra-Physics type 127 laser producing 40mW with a coherence length of 
around 18cm. The coherence lengths of the lasers were measured using a simple 
Michelson interferometer (see B.3) 
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The laser power levels were measured directly with a power meter 
after any appropriate adjustments had been made (Spectra-Physics). The power 
output from the type 124A is actually stable in daily operation to within 5% (Spectra-
Physics), but fell gradually due to failing HT insulation. 
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Figure B.1.1: Typical optical layout for front-viewing geometry 
B. 1.1.3: Variable Ratio Beamsplitter 
The variable ratio polarised beamsplitter' works by separating the 
beam into its orthogonally polarised components (Fig. B. 1.2). The angle of polarisa-
tion of the input beam can be altered using the half-wave plate to adjust the splitting 
1. Newport model M-930-63 
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ratio. A second, fixed, half-wave plate is used to rotate the polarisation of one of the 
output beams to match the other. 
According to the manufacturer, the beamsplitter can split in ratios of 
between 500:1 and 1:19 (first figure represents light reflected out). However they 
recommend that it is only used at ratios between 32:1 and 1:2.3. Outside this range it 
was found that leakage of wrongly polarised light could be substantial, and indeed in 
the worst case the beams were split in the appropriate intensity ratio, but were almost 
completely polarised orthogonally. This problem could be avoided by setting up the 










Figure B. 1.2: Optics of Newport Variable Beamsplitter 
B. 1.1.4: Image Recording Methods 
The full-field time-dependent nature of the information provided by 
live fringe interferometry requires the fringes to be recorded and then analysed in full 
later. With the front-view configuration Panasonic WV-i 500/B (normal illumination) 
or WV- 1 550/B (low light) monochrome security-type vidicon-tube video cameras 
were used. Standard C-mount lenses were found to give a very poor image, and were 
exchanged for a 50mm Nikon SLR lens mounted on a commercial adaptor. The 
video signal from the camera was passed through a Panasonic NJ-8 10/B Time/Date 
Generator, which superimposed the current time and date on to the picture and had 
an on-screen stopwatch facility, and recorded on a VHS video recorder. The Panaso-
nic WV-5470 monitor used for display had a control for the adjustment of vertical 
linearity, thus allowing measurements to be taken directly from the screen once this 
had been set up correctly. 
By its nature, the total internal reflection method makes very efficient 
use of the available illumination, resulting in much more light reaching the camera. 
This was actually undesirable as under coherent illumination conditions there will be 
a considerable loss of resolution due to increased speckle size when the lens aperture 
is stopped down (Cathey, 1974). As the lasers produce polarised light it would be 
expected that the use of a polarising filter in front of the camera lens would provide a 
convenient and flexible method of exposure control, but in practice the fringe visibil-
ity was surprisingly bad. This problem was circumvented by the use of a Panasonic 
CCD-based NV-MS95B S-VHSC colour camcorder. This provides the facility for 
controlling exposure by electronically varying the 'shutter' speed from 1/50 1h  down 
to 1116000th  of a second. This instrument could be mounted directly on the optical 
table without disturbing the fringe patterns, but was intrinsically of a lower resolution 
than the others, and also produced a distracting colour signal rather than clear 
fringes. 
Frozen-fringe interferograms were recorded on Ilford FP4+ (125 
ASA) or Ilford Pan F+ (50 ASA) black and white film using Nikon FF2 or Nikon F3 
35mm SLR cameras with a Vivitar 90mm tele-macro zoom and a Nikon 105mm 
telephoto lens respectively, and developed using Paterson Acutol FX14 developer, 
giving effective film speeds of 200 and 80 ASA respectively. The exposure meters in 
both these cameras coped substantially better with the monochromatic illumination 
than others tried. 
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B. 1.2: Thermoplastic Holographic Camera 
B.1.2.1: Initial Settings 
B.1.2.la: Corona Current 
If excess corona current is applied the thermoplastic plate may be 
damaged, whereas if the current is too low hologram quality will be poor. In accor-
dance with the HC-300 Operator's Manual (Newport) the corona current was adjus-
ted by setting the voltage measured across a special test plate inserted into the camera 
head (fig. B. 1.3) to the value given by the equation: 
V = 30 + 0.3(T - T) - O.l(p -pa) - 0.07(H - H) 	B.1.2-1 
where V = test voltage (mV) 
T = temperature (°C) 
p = atmospheric pressure (mm Hg) 
and H = relative humidity (%) 
The subscripts p and n refer to the present (i.e. those at the time of adjustment) and 
normal (i.e. averaged) laboratory conditions respectively). 
Corona 
current 
I 	 I 	
' —) Time 
Figure B. 1.3: Recording by oscilloscope of corona voltage during correct charging 
cycle - the peaks of the 'M' should be at the value given by B.1.2-l. 
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B. 1.2.1b: Development Voltage 
The latent hologram is developed by passing an electrical heating 
current through the transparent electrode, fig A.3.3.1. If this current is applied for too 
long the charge distribution on the thermoplastic will be dissipated due to the in-
creased conductivity, whereas if the heating is applied too quickly the development 
may be uneven. The 'SYNC SCOPE' output on the HC-300 controller allows the 
development time to be monitored with a digital storage oscilloscope. The HC-300 
Operator's Manual (Newport) recommends this lies within the range 15 - 25 ms, but 
for older plates slightly longer times found by trial and error gave better results. 
B.1.2. ic: Spatial Frequency 
As mentioned in section A.3.3 thermoplastic recording materials have 
a preferred spatial frequency, for which the diffraction efficiency is highest. Al-
though recording holograms with higher spatial frequencies would give better resolu-
tion in the reconstructed image, in this work it was generally more important to get 
the brightest reconstruction using the shortest possible exposure. 
The spatial frequency f(in lines per mm along the thermoplastic plate) 
of the interference pattern formed by the intersection of two beams R and 0 of 
wavelength X (in gm) is given by 
1000 
sinO + sin00 ) 	 B. 1.2-2 
Wn 
The optimum spatial frequency for the plates used by the Newport 
holocamera is around 800 lines per mm, requiring an angle of about 310  between red 
Helium-Neon laser beams. 
B. 1.2. id: Difference in path lengths 
If the difference between the total path length of the reference beam 
(from the beamsplitter to the holographic plate) and the object beam (from the beam-
splitter to the test plate and thence to the holographic plate) is greater than the coher-
ence length of the laser, the interference patterns resulting in the hologram will not 
form; and even if the difference is a bit less than the coherence length the quality of 
the final hologram will be degraded. The beam paths were therefore adjusted to be 
equal to within a tolerance of 1 cm. All holograms were made at the first coherence 
point: systems using the second and higher coherence points can suffer from fringe 
drift caused by thermal effects in the laser (see sections B.l.5 and B.3). 
B. 1.2. le: Photodetector 
The thermoplastic camera uses an infra-red LED and photodetector to 
measure the diffraction efficiency of the nascent hologram and thus regulate its 
development to ensure optimum results. The photodetector position a is given by 
1.33 (SiflOR  + sine0 ) 
sin a= 	 -0.840 	 B.1.2-3 
PM 
The photodetector output can be examined using the 'MONITOR' 
output on the HC-300 controller which produces a signal directly proportional to the 
diffraction efficiency of the hologram (1 V per 2%). 
B.1.2.2: Adjustments 
B. 1.2.2a: Beam Ratio 
Since the holograms produced by the thermoplastic holographic 
camera are of relatively low reconstruction efficiency (typically 5-10%), for live 
fringe work the reference beam must be made much brighter than the illumination 
reaching the holographic plate from the object, so that the reconstructed and original 
wavefronts are of similar intensity and bright fringes are seen. The beam ratio could 
conveniently be adjusted using the variable-ratio beamsplitter (B. 1. 1.3) and measured 
using the Newport HC-302 ratio detector, which consists of a photodetector that can 
be mounted in the camera head in place of the thermoplastic plate and connects to the 
HC-500 control unit. The manufacturer's recommendation that the beam ratio should 
be in the range of 10-12 was found to give good results. The actual ratio was found to 
be very sensitive to changes in the test object (such as a new polymer coating), and 
so even where exactly the same object was used for an extended period of time the 
beam ratio was checked on a weekly basis. 
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B.1 .2.2b: Exposure 
The ideal exposure energy for the Newport HC-301 thermoplastic 
plate is given as 100 ergs/cm2 when using a red Helium-Neon laser. The power 
detector attached to the HC-500 controller is calibrated to display the actual exposure 
energy in ergs/cm 2 when the reference beam is expanded by a lOx microscope objec-
tive ift away from the thermoplastic plate; otherwise the displayed value is a relative, 
rather than an absolute, one. 
In practice, for natural convection work (especially with the front-
viewing geometry) the optimal exposure is a trade-off between getting enough 
energy on to the holographic plate and keeping the exposure time short enough to 
prevent the hologram being washed out by the constant motion of the swollen 
polymer surface. The best exposure setting was found, and occasionally checked, by 
trial and error. For a newish plate it was generally found necessary to supply at least 
1/3 of the recommended energy with an exposure time of at most 0.5 s, while for 
older plates a bit more energy was needed. For the front-viewing geometry the 
40mW laser had barely enough power to provide a good hologram of the 200 by 
200 mm test plate 0.5 m from the holographic plate, and the 25mW laser could only 
be used to look at selected regions of the object. 
B. 1.2.2c: Delay 
When the HC-500 controller is used to automate the production of 
holograms, it may either be set to develop the hologram immediately, for live fringe 
work, or to make a second exposure after a set time and then develop the thermoplas-
tic plate, for frozen fringe work. It should be noted that the set time is that between 
the end of the first exposure and the start of the second, whereas the frozen fringe 
pattern represents the changes occurring between the middle of the first exposure and 
the middle of the second. When long exposure times are necessary there may thus be 
a significant difference between the time delay apparently selected and the interval 
the fringes represent. 
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B. 1-3: Test Surfaces 
Several different test objects were used in this work: flat plates, a 
short vertical cylindrical rod and a long vertical rod. For front-viewing interfero-
metry, the flat substrate plates were made from brass or aluminium alloy and a sili-
cone coating applied as described in section C.2. They were then soaked with 
swelling agent by being placed in a bath of the chosen solvent made by pouring a 
layer of the solvent into the lid of a metal tin. The main part of the tin was used as a 
cover to prevent the solvent vapour escaping into the atmosphere. 
The short rod used was made from brass and soaked by being suspen-
ded in a measuring cylinder containing swelling agent from a short length of threa-
ded rod set into one end. This was also used to mount it vertically on the optical table 
by screwing it into tapped mounting holes set into the table surface. 
The mounting for the long rod was based on two 2 in lengths of steel 
channel mounted vertically at the end of the optical table. The cylinder was suppor-
ted between the centres of two crossbars, the ends of which were held 300 mm away 
from the vertical channels by lengths of angle-iron to prevent the edge of the optical 
table from interfering with the flow. A tapped plug fitted into the lower end of the 
rod was bolted directly to the lower crossbar. while another plug in the top end was 
attached to the upper crossbar by a length of steel rod. The long rod itself was made 
from a thick walled aluminium alloy tube 930 mm long and 32 mm o.d., coated with 
silicone polymer as described in section C.2. Different points along the rod were 
examined by changing the position of the rod relative to the optical system. This was 
done by moving the supports up or down-along the vertical channels. Problems were 
encountered with several aspects of this design, which will be discussed further in 
Chapter F. 
Two different designs of test plate were used for the total internal 
reflection work. For the initial experiments the test surface was made by setting a 
glass right-angle prism 64 by 64 by 91 mm with its hypotenuse flush with the surface 
of an aluminium sheet 200 by 200 mm, and applying a uniform layer of transparent 
silicone rubber about 1mm thick over the entire front face (fig. B.l.3.1). The test 
plate used for the later experiments was made from a sheet of glass 190 by 140 mm 
with a Perspex right-angle prism 35 by 35 by 150 mm long attached to one face (fig. 
B. 1.3.2) using a mixture of 3 parts Euparal fixative (Lee, 1950) to 2 parts ethanol by 
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weight, and then left to dry for at least a week. The exposed faces of the prism were 
then cleaned up with iso-propyl alcohol and polished with ICI Perspex polish down 
to Grade 2, and reference markings added with a permanent marker. The longer 
prism on this plate allowed a greater area of the coating to be examined. 
The larger flat plates used were held in a kinematic mount designed 
for earlier work (Macleod and Kapur, 1973). The smaller plates were simply stood in 







Figure B. 1.3.1: Aluminium plate for total internal reflection technique 
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190 mm 
,3, cone Coating 
150 mm 
Figure B. 1.3.2: Glass test plate for total internal reflection technique 
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B. 1.4: Other 
As the experimenter is liable to be exposed to the solvent vapour for 
extended periods of time, consideration must be given to safety issues such as the 
toxicity and flammability of various swelling agents. In this work, the amounts of 
solvent in use were very small and so not felt to represent any particular fire risk. The 
exposure limits of the swelling agents used here were around 500 mg m' 3 , much 
higher than the solvent concentration that could occur throughout the darkroom even 
if all of the swelling agent was allowed to evaporate from the silicone. However it is 
also necessary to consider that when handling the plate there will be a substantially 
higher concentration of solvent vapour in the air immediately around it. 
It was still felt desirable to avoid a build up of solvent vapour in the 
lab atmosphere as, quite apart from the safety considerations, this could also affect 
the transfer rate, especially in the natural convection case when there is no influx of 
clean air. To ensure that the test objects were at the same temperature as the room air 
they were kept soaking in the room in sealed containers and were moved to a neigh-
bouring lab on a trolley to be removed and have surplus solvent wiped off before 
being mounted in position on the optical table. During the natural convection work it 
was also found useful to leave the enclosure around the table open at each end, as 
this prevented spurious results which appeared to be due to a thermal convection cell 
forming in the enclosure caused by the laser. 
Humidity in the lab was monitored using first a simple wet and dry 
thermometer, and later a hair hygrometer. It stayed in the range 45-65%. The work-
ing temperature for each run was measured with a total immersion mercury-in-glass 
thermometer placed on the optical table. The atmospheric pressure was measured 
before the start of each series of runs using a mercury barometer in another lab in the 
same building. 
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B.1.5: ESPI Apparatus 
The Vinten instrument, consisting of an optical plinth and a computa-
tional unit as described in A.3.4, was essentially self-contained and was used in a 
different darkroom to that used for the holographic work. The optical system, sup-
plied with shock absorbing rubber feet, was mounted on a stout table separate from 
that supporting the control unit, VCR and monitor. As the electronics unit houses a 
substantial cooling fan, the working area of the optical system was enclosed with 
plywood sheets to exclude the worst of the air currents. The flat plates investigated 
were held in the same mounts used for the holographic work whereas the short rods 
were simply screwed into captive nuts inserted into channels in the main deck. After 
checking reference beam intensity and camera focus and aperture in direct mode the 
camera was simply put into subtraction mode, when the equipment began displaying 
the fringe pattern relative to the current reference image, which could be updated 
instantaneously by pressing the 'store' button. 
In order to obtain a sufficiently wide field of view the test Objects had 
to be mounted at the second coherence point of the optical layout; hence the instru-
ment had to be left running for at least an hour before use in order to achieve fringe 
stability. The optimum reference beam intensity was found to be the maximum 
possible without saturating the camera, while the best aperture setting was found to 
be between 1/4 and 1/3 open. These adjustments agree with those suggested in the 
operator's manual (Vinten, 1983). 
The temperature in the room was measured with a mercury-in-glass 
thermometer chosen for its correspondence with that used in the holographic dark-
room. The atmospheric pressure was determined by a barometer as before, and the 
humidity was found with a wet and dry thermometer. 
B.2: General Experimental Procedure 
B.2. 1:  Alignment of Holographic System 
This section briefly describes the procedure for aligning the hologra-
phic system, for example when changing from one experimental geometry to an-
other. For comfort this was done with the polymer dry. 
Once the basic layout was decided the components were put into 
position working from the laser outwards, but omitting the beam expanders and 
spatial filters. The unexpanded reference beam was set to pass through the centre of 
the thermoplastic plate, and the object beam aimed at the centre of the area of inter -
est. The thermoplastic plate was generally aligned perpendicular to the direction of 
the object beam. The angles of the object and reference beams at the holographic 
plate and the beam path lengths were then checked, and the process repeated until 
they met the criteria mentioned in B. 1.2. ic and B. 1.2. id. The beam expanders were 
then put into place. With the front-viewing geometry the video camera was used to 
check for excessive glare from the object, and if necessary the test plate was turned 
slightly to reduce it. For the total internal reflection case the diffuser was now put 
into position to check that the field of view was evenly illuminated. The pinholes 
were then mounted on the spatial filter assembly, and all the angles of incidence at 
both the object and holographic plate checked, along with the beam path lengths. 
The photodetector on the thermoplastic camera was then adjusted 
according to B. 1.2. le, and the laser beams were enclosed in lightweight plastic tubes 
and all stray beams terminated using cardboard beam blocks. The test surface was set 
vertical using a spirit level, and when the air jet was being used the nozzle was set 
normal to surface using a T square, and its distance from the polymer surface mea-
sured. The beam ratio was then set to a value of about 11 (B. 1.2.2a) and a test holo-
gram made to give a guess at the exposure energy (B. 1.2.2b). These settings were 
later re-adjusted with the polymer swollen. The aperture and polarising filters on the 
video camera could then be set for the best results. Such major re-arrangements also 
provided a convenient opportunity to check the holocamera corona current (B. 1.2.1 a) 
and development voltage (B.1.2.lb) and to clean the coronatron wire by running a 
Cotton bud soaked with Acetone along it. 
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B.2.2: Data Run 
B.2.2. 1: Practical 
The aim of this section is to provide a generic description of the 
experimental method. Certain additions and deviations will be discussed in later 
chapters. Almost exactly the same procedure was used with the ESPI, except that no 
time/date generator was used and it was possible to store a new reference image as 
often as desired. 
The laser was turned on and allowed to warm up at least an hour 
before commencing the experiment. Since all the work was done at the first coher -
ence point this was not to provide fringe stability but rather to ensure that the laser 
was providing full power for the natural convection work (B. 1.2.2b). 
The Newport thermoplastic camera has a known design fault in that 
occasionally static can build up within the controller while it is switched off, prevent-
ing the holocamera from operating correctly for the first exposures attempted after it 
is powered on. A test exposure with no object in place was therefore made, and if this 
was successful the plate was erased and allowed to sit for at least 10 minutes before 
the experimental run. If the HC-320 controller instead appeared to be having a fit, 
both the front panel reset switch and the CB 1 reset switch at the rear were operated 
and another attempt made until it worked. 
The darkroom temperature and humidity and the atmospheric pressure 
were then recorded, and the test object in its swelling bath was taken into a neigh-
bouring room to be removed from the solvent and have the surplus swelling agent 
wiped from the polymer with lens tissue before being brought back and placed into 
position. 
The room lights were then extinguished and the VCR started record-
ing, and the first holographic exposure taken. In the impinging jet experiments the 
flow was then started and the rotameter read. The live interferometric fringes were 
viewed on the monitor and the run halted when they either became crowded too 
closely to be distinguishable or faded from sight. If necessary the flow was stopped 
and the thermoplastic plate was replaced with a second, erased plate for a second run 
to be made. 
Due to their cost, only two fully functioning thermoplastic plates 
could be available at one time, so that only two runs could be made in one session 
(see B.4). At the end of the second run the VCR was stopped and both plates were 
erased and replaced into their dust-proof cases. The test piece was then replaced in its 
soaking bath. 
When analysing the forced convection work the timing was based on 
the clock added to the video signal by the time/date generator. For the natural con-
vection work it was found convenient to start the stopwatch feature on the time-date 
generator just as the holographic exposure was made. Since the natural convection 
flow is continuous, a second stopwatch, started immediately after the test surface was 
put in place, was used to provide a check that the constant-rate period was not being 
exceeded. 
B.2.2.2: Data Reduction 
There are two possible procedures for the transformation of recorded 
on-line fringe patterns into local values of fringing rate (N/t), and thus mass transfer 
coefficient: I) by counting the total number of fringes passing one given point on the 
test plate during a given time interval the absolute fringe order at that point may be 
determined. At the end of this period the fringe pattern is fixed by either stopping the 
flow or pausing the video tape, and the orders of all the other fringes can be found 
simply by counting forwards or back as appropriate. The positions of all the fringes 
must then be obtained either by measuring from the video screen or by reference to 
features on the test plate. This is similar to the analysis of frozen-fringe interfero-
grams. Alternatively, II), the fringing rate at each point of interest on the test plate is 
found by counting the number of fringes which pass across that individual point 
during an appropriate amount of time. 
The first scheme was used for the analysis of the results for the 
impinging jet as it is much quicker than the second, even when the locations of any 
secondary minima or maxima have to be found. However it has a serious drawback 
in that it can be difficult to locate the fringes on the test plate - they are unlikely to 
finish up conveniently over reference marks, and the geometrical non-linearity of the 
camera - VCR - monitor system coupled with the parallax between the front surface 
of the monitor screen and the phosphor (exacerbated by the curvature of the screen) 
means that interpolation can be difficult. When investigating natural convection 
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(rather than forced convection, where the fringe pattern can be halted by stopping the 
flow) another problem arises, in that the interferometric fringe patterns are much less 
visible when the freeze-frame facility of the video recorder is engaged than when the 
tape is playing. Hence for natural convection the results were analysed according to 
scheme II, as here the fringes are in continuous motion. 
The latter scheme provides much more accurate location of the mea-
sured values but is much more time consuming - hence for many of the natural 
convection runs values were only found at three points on the test surface. However 
this scheme also incorporates the possibility of determining the timewise variation of 
fringing rates by counting the numbers of fringes passing a given point in successive 
short time intervals. If this is done at several locations it is possible to separate local 
wavering from global woozing or other effects, such as the high fringing rates often 
seen immediately after development. 
B.2.2.3: Data Normalisation 
For forced convection, the measured fringing rates can be converted 
into mass transfer coefficients and thus Sherwood numbers simply by using A.3.5-6. 
In natural convection, however, changes in ambient conditions affect the driving 
force for the fluid motion and so the results of experiments made on different days 
may not be directly comparable. 
The fringing rates obtained in natural convection experiments were 
therefore corrected to standard conditions using A.3.5-10. The reference conditions 
chosen were 298.15 K and 101325 Pa. The effects of changes in kinematic viscosity 
and in the density of the liquid swelling agent, included in A.3.5- 10, were assumed to 
be negligible; as was the variation in geometric factor due to thermally induced 
refractive index changes. The local Sherwood number could then be found from 
A.3.5-6. Sample calculations are given in Appendix 1. 
B.3: Stability of Optical System 
Prior to the setting up of the holographic layout, a Michelson inter-
ferometer was set up on the optical table using a silvered beamsplitter, the Spectra-
Physics model 124A laser and a pair of front-surfaced mirrors. The Fizeau fringes 
due to a slight tilt of one of the mirrors were projected on to a screen with a short 
focal length lens. 
One of the mirrors was then moved away by one cavity-length of the 
laser, i.e. to the second coherence point. In this configuration the interference is 
occurring between light that left the laser tube at two distinct times, and so any 
change in the physical characteristics of the laser will affect the fringe pattern. Again 
the tilt fringes marched across the field of view but this time they slowed, and re-
mained steady after about an hour after the laser had been switched on. This is an 
unavoidable effect due to the thermal expansion of the laser cavity, and suggests that 
the laser takes about an hour to fully warm up. This was confirmed using a laser 
power meter - the initial power in the beam was only about two-thirds of its final 
value reached after 45-50 minutes. 
When keeping one mirror still and moving the other away from a posi-
tion equidistant from the beamsplitter, the contrast of the tilt fringes decreases and 
they eventually fade, until the difference between the mirror positions nears the 
cavity length of the laser and they gradually re-appear as the second coherence point 
is approached. This phenomenon was used to measure the coherence length of the 
laser: the coherence length is twice the distance over which the mirror is moved to 
make the fringes fade. The coherence lengths of the lasers used were found to be 
15 cm and 18 cm for the Spectraphysics type 124 and 127 respectively. 
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B.4: Investigation of Fringe Localisation in Thermoplastic Holography 
As mentioned in section A.3.5.2.3, previous mass transfer work with 
the Newport Thermoplastic Holographic Camera by Gholizadeh (1992) found a ten-
dency for the fringes in the total internal geometry to lose contrast and fade from 
view, which was attributed to de-correlation effects at the polymer surface. However, 
Saluja et al. (1988) made no mention of encountering such a problem when using the 
total internal geometry on-line with ESPI. This is surprising as both workers used the 
same silicone rubber and solvent, and suggests the problem may lie in the thermo-
plastic system rather than the polymer coating. In order to investigate this, a situation 
was sought in which surface de-correlation could not be an issue; the apparatus 
chosen was a large uncoated block of steel in the front-viewing geometry. Live 
fringes could be produced by pulling on the back of the block with a clamp attached 
to a retort stand for the duration of the exposure: when the stand was removed clear 
fringes due to the previous deformation of the block could be seen. 
After the HC-301 plate had been erased, exposed and developed the 
fringes were initially seen to fade from the monitor. The problem was found to be not 
a loss of contrast of the fringes but rather their re-localisation in space: shortly after 
development the fringes were located at the object surface, on which the video 
camera was focussed. Over a period of about ten minutes they then moved into the 
distance, away from the viewer and out of the video camera's depth of field, thus 
appearing to fade. They could be recovered either by stopping the camera down, thus 
increasing the depth of field but also spoiling the image by increasing the speckle 
size, or by refocussing the camera to follow their progress, figs B.4. 1. While the 
latter option is convenient for the study of this phenomenon, it is of no use in mass 
transfer work as refocussing the camera tends to also change its magnification, 
making it difficult to determine the position of the fringes across the test surface. 
This effect will be exacerbated in an optical layout such as that used 
by Gholizadeh for total internal reflection, where the diffuser was located at the spa-
tial filter distant from the object. In that case the fringes will be initially localised at 
the diffuser which may already be almost out of the camera's focal range. In the 
front-viewing geometry the role of the diffuser is taken by the matte finish of the test 
surface to which the polymer is applied; this of course is where the camera will be 
focussed and so the fringe "fading" will be less obvious. 
64 
4m -----> 
Figure B.4. 1: Fringes due to the deformation of an uncoated steel plate. Above: with 
the camera stopped down, the fringes are visible over the test surface. Below left: 
When the camera aperture is opened, the fringes are outside the depth of field and so 
not visible; but if the camera is refocussed (below right) they re-appear. [The lower 
images are at a different magnification.] 
65 
This re-localisation phenomenon has been observed with.several 
different thermoplastic plates, whether freshly inserted into the holocamera head or 
previously left in place for up to an hour, in all cases where the old hologram is 
erased from the plate immediately before the exposure. When the plates were erased 
more than ten minutes before, however, this effect was completely eliminated and the 
fringes were found to remain bright and stable for at least five hours, rather than 
appearing to fade after only about ten minutes. Possible explanations for this include 
movement of the object or holocamera head; movement of the HC-301 plate within 
the holocamera or movement of the actual thermoplastic-bearing glass slide within 
the HC-301 plate assembly (Trolinger and Rosenthal, 1994); or possibly thermal or 
other effects arising from the erasure process. The first is precluded by the fact that 
the object and camera head were kept in position for a period of days during which 
many holograms were made, where the runs in which the plate was erased just before 
exposure, and fringe re-localisation occurred, were interspersed with others using 
previously cleared plates which gave stable fringes. 
Although movement of the HC-301 thermoplastic plates within the 
camera head was found to be a problem (see B.5), that re-localisation did not occur 
with freshly inserted but previously erased plates suggests that such movement is not 
the direct cause of this effect. Movement, of the thermoplastic plate during settling 
would also be expected to occur in sudden jumps, rather than the observed gradual 
change. That the fringes change localisation but not, as far as could be seen, their 
position or number across the field of view also makes the possibility of plate 
movement unlikely, suggesting that random mechanical motion is not a factor. 
Although movements within the HC-301 assembly are a possibility, they would 
represent a fault in the construction of the plate and so are very unlikely to be seen in 
more than one. 
This phenomenon must be due to some process within the erase cycle. 
As mechanical movements of the thermoplastic plate, such as might be induced by 
the jet of cooling gas, have been discounted, it is necessary to consider other events 
in the erase process. One possibility is that the heating pulse on erasure causes 
thermal expansion of the plate so that it is still cooling down after exposure and 
development. Re-localisation of the interference fringes might then be due to the 
plate changing size or warping. The heating pulse used to erase the plate should last 
longer and make the plate hotter than that used in development so as to raise the 
conductivity of the thermoplastic layer in order to remove any residual electrostatic 
W. 
charge (Lin and Beauchamp, 1970; Colburn and Tompkins, 1974). Although the 
cooling gas was used as recommended by the manufacturers, it may be insufficient to 
cool the plate enough to avoid problems with optical systems with depths of field of 
only a few tens of millimetres, as used here. 
That the heating current actually is applied for longer during erase 
than development by the Newport system is shown by the oscilloscope traces shown 
in figs. B.4.2 and B.4.3. The bottom trace in each picture is taken from the SYNC 
SCOPE output on the HC-320 control unit and represents the heating current; while 
the thermoplastic is being heated this trace is held low. The upper trace is diffraction 
efficiency, from the MONITOR output; it rises during development and falls back to 
zero as the plate is erased (the monitor is only activated while the heating current is 
on). Figure B.4.2 shows the developing heating pulse being applied: it lasts about 
14 ms. By contrast, the erase heating shown in figure B.4.3 lasts about 120 ms, over 
eight times as long. 
This work has shown that there is a flaw in the Newport thermoplastic 
holocamera which results in the fringe localisation changing for exposures made 
immediately after an erase cycle. It is postulated that this is due to excessive heating 
during the erasure process. The effect can be avoided by ensuring that all thermoplas-
tic plates used are allowed to rest after erasure for at least 10 minutes before expo-
sure and development. 
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Figure B.4.2a: Oscilloscope trace of hea-
ting during development cycle (20 ms 
time base) 
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Figure B.4.2b: Oscilloscope trace of hea-
ting during development cycle (5 ms time 
base) 
Figure B.4.3a: Oscilloscope trace of hea-
ting during erase cycle (20 ms time base) 
Figure B.4.3b: Oscilloscope trace of hea-
ting during erase cycle (5 ms time base) 
B.5: Thermoplastic Holography System Performance 
B.5.1: Hardware Reliability 
In the discussion of the performance of the Newport Thermoplastic 
Holographic Camera during his experimental work, Gholizadeh (section 6:6.1, 1992) 
notes two main problems: the 846 HP electronic shutters were found to be unreliable 
and the holographic plate was found to occasionally move slightly within the camera 
head, resulting in the presence of extra displacement fringes across the field of view. 
Here the first of these was not found to be a problem - the shutters 
only malfunctioned on a couple of occasions, under warmer conditions when they 
closed immediately after opening rather than staying open for the desired exposure 
time. They functioned correctly when another exposure was attempted, and there is 
nothing to suggest whether the problem lay in the shutters themselves or in some part 
of the control circuitry. 
The second problem is much more serious. The HC-301 holographic 
plate consists of a glass plate with a thermoplastic coating held in a plastic frame. 
This slides into a vertical slot in the metal frame of the HC-3 10 camera head. Two 
electrical contacts provided to carry the heating current from the camera head push 
against a matching pair of contacts on the front face of the holographic plate. The 
resulting friction is supposedly enough to hold the holographic plate sufficiently 
steady. The holocamera also contains a sensor to detect the presence of a plate which 
takes the form of a sprung pin which is pushed by the plate into the base of the slot. 
Unfortunately, the spring on this sensor is capable of lifting the weight of the plate, 
as a result of which the mounting system for the holographic plate is unstable. 
With new HC-301 plates the consequences of this are that the holo-
graphic plate occasionally creeps by a small amount, resulting in the displacement 
fringes mentioned above. As the plate is used, and so removed and replaced in the 
camera head, the plastic wears and the plate becomes a looser fit in the mounting 
slot. It is then possible for the plate to jump completely out of position, for example 
when the coronatron hits the end of its travel. After further use it eventually becomes 
impossible to keep the plate in place unaided. 
The creep associated with fresh plates could be minimised by allow-
ing the plate to sit in position for a few minutes before taking the exposure (Gholiza-
deh, 1992). The sudden jumping out of position of worn plates was prevented by 
gently wedging them in place by inserting a thin plastic rod into one side of the slot. 
Care must be taken not to do this with too much force as this could deform the 
holographic plate, generating spurious fringes. 
A problem not reported by others is the malfunctioning of the corona-
tron mechanism at higher temperatures (27°C and above). The main symptom is a 
loud grinding noise produced by the camera head as the coronatron is raised, the 
resulting hologram being very poor, presumably due to incorrect charging of the 
thermoplastic plate (fig. B.5. 1). This problem would persist for successive attempts 
at making a hologram, but could be cured by leaving the holocamera to rest for 
between 10 mins and an hour. The cause of this problem is unknown, though dirt or 
wear in the mechanism are suspected. It may be noted that the specifications for the 
HC-300 system (Newport) suggest it should operate up to at least 40°C. 
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Figure B.5.1: Variation with time of the charging current through malfunctioning 
coronatron, recorded from the test plate as per B. 1.2.1 a. It should have the symmetri-
cal form of the letter 'M' shown in figure B.1.3 but here extra charging has taken 
place during the coronatron's upward pass (on the left). 
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B.5.2: Plate lifetime 
As well as the quality of single holograms, the viability of the Newport holo-
camera also depends on the number of exposures that can be made on each thermo-
plastic plate: if only a few tens of useful holograms can be made on a £500 plate the 
system will be uneconomical when compared with conventional media (about £1.50 
per shot') or ESPI (free after large capital cost). The subjective term 'useful' is here 
taken to mean that the live fringes produced with the hologram were distinct enough 
to be recorded and later analysed; this corresponds to a diffraction efficiency of about 
1%. By comparison, the manufacturers claim that typical diffraction efficiencies are 
about 10% (Newport) whereas in practice 5% was found to be above average and 2% 
was found still to give clear live fringes that were easy to assess. For frozen-fringe 
interferometry the intensity of the reconstructed wavefront does not need to be of a 
similar magnitude to that arriving directly from the object, and holograms in such 
work may be adequate even with much lower diffraction efficiencies. 
Gholizadeh, who used this apparatus to investigate jet impingement, 
generally only managed to record 100 to 150 useful holograms with each HC-301 
plate (1992 p. 173), with certain plates achieving as many as 257 and as few as 70 
cycles. His suggestions for increasing the useful plate life include regular cleaning of 
the coronatron anode wire and gradually increasing the corona current voltage 
(B.1.2. la) and development voltage (B.1.2.lb). During his work Newport Research 
revised their estimates of plate lifetime from more than 1000 exposures down to a 
guaranteed 300 cycles within the first year. They also recommend the plates are 
stored at 70±2°F (i.e. 21±1'C). 
When fresh, a HC-301 thermoplastic plate will be clear while erased 
but once exposed and developed it will appear to have a slightly opaque, white 
coating. This phenomenon, actually light scattering from the bumps and hollows in 
the thermoplastic surface that form the hologram, is sometimes known as 'frost' and 
should disappear when the plate is erased. The degradation of the plates shows two 
distinct forms (fig. B.5.2). The first involves the continuous re-appearance at a given 
location of clear circular patches in the frost of about 0.2 mm diameter. These are 
believed to be due to damage to the thermoplastic caused by arcing from the corona-
tron to dust particles that have settled on the surface (Urbach p.204, 1977), as micro- 
1.4" by 5" Agfa 8E56 glass plates cost £95.76 for 20(1995); can be cut into four. 
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scopic examination shows a small point of heavier damage at the centre. Although 
the area surrounding these spots is unaffected, they are irreversible and can cover a 
substantial fraction of the active area of a thermoplastic plate. 
The other form of plate degradation is general aging of the whole 
surface, manifesting itself as the need to use higher exposure energies and develop-
ment times with older plates. The thermoplastic also starts to take on a mottled 
appearance when erased. The need to 'break-in' plates that are new or have not been 
used for a while (Newport) may be a related effect. A variety of causes have been 
proposed: chemical-damage from ozone produced in the electric discharge (Colburn 
and Tompkins, 1974); loss of plasticisers from the thermoplastic (Urbach p203, 
1977); cross-linking or crystallisation of the thermoplastic layer (possibly due to 
spinodal decomposition); the growth of surface defects by sputtering of the thermo-
plastic due to the combination of heating and electrostatic charge (Lee, 1974, and 
Colburn and Tompkins, 1974) and the contamination of the thermoplastic layer by 
dust or chemicals. All except the last are largely determined by the plate materials 
and the holocamera's modus operandi, and the steps taken to improve the lifetimes of 
the HC-301 plates were therefore aimed at the exclusion of dust. 
The darkroom, which before had only a curtain, was fitted with a 
wooden door with a Takkimat placed just inside it. A plastic tent was built around 
the optical table to prevent dust from clothing reaching the holographic system. Since 
cleaning of the darkroom would raise dust, the table was sealed off by the tent while 
the room was vacuumed and then left for a day to settle. The compressed air used in 
the experiments with the jet was filtered to remove oil droplets, while pure Nitrogen 
from a gas cylinder was used as the cooling gas for the holographic camera. These 
precautions resulted in a substantial reduction in the amount of dust in the air, as 
made visible by the unexpanded laser beams. When not in use the thermoplastic 
plates were kept sealed in their cases in the darkroom, which was usually at about 
24°C. 
Cleaning of the coronatron wire was not then found to be as critical to 
hologram quality as in Gholizadeh's work, presumably due to the reduction in air-
borne dirt. Regular monitoring of the corona current to prevent excessive voltages 
being imposed was important in preventing damage to the plates, but the exact value 
of the corona voltage did not strongly affect hologram quality. The development 
voltage setting however did, adjustment improving the diffraction efficiency of an 
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old plate from 0.5% to 2% in one case. Unfortunately, because of the fringe localisa-
tion problems described in section B.4, it was necessary to alternate between two 
plates which happened to have had different amounts of use, and so it was not pos-
sible to match the development time to the plate currently in use. 
The effect of these changes was to more than double the useful life of 
the holographic plates, with over 600 holograms being recorded on plate 930910042 
and plates 940616012 and 950622028 were still usable after the experimental work 
was complete (table B.5). Plate 91...4028 was also functioning well, but an attempt 
was made to blow dust from it with a "compressed air duster" (actually some HCFC). 
The exact interaction between the two isn't known, but results in the diffraction effi-
ciency being so low the HC-300 generates an error message. After being left for a 
couple of months the plate could make very faint holograms, but was still unusable. 
Table B.5 also gives the average cost of each exposure made based on 
the 1996 price (1 HC-301 costing £543, VAT excluded). 
Plate Number of Useful Exposures Made Av. Cost 
Gholizadeh Nebrensky Total (k/exp) 
950622028 323 323 1.68 
940616012 . 567 567 0.96 
930910042 645 645 0.84 
91...4028 421 421 1.29 
88...7012 71 5 76 7.14 
870717040 141 20 161 3.37 
870717037 257 20 277 1.96 
870327002 111 10 121 4.49 
870327001 70 70 7.76 
861201056 112 112 4.85 
860820025 87 87 6.24 
Table B.5: Number of useful holograms made on various HC-301 thermoplastic 
plates by different workers, along with the average cost of each exposure in 1996. 
It may also be mentioned that out of four plates ordered for this work, 
the first failed to operate and was replaced by the manufacturers, while another ar-
rived with its copper contact for the heating current bent out of place. In combination 
with the fact that the delivery of plates can occur several months after manufacture, 
as evinced by the serial number, this suggests that a substantial minority of HC-301 
thermoplastic plates may be arriving in less than optimal condition. 
VAI 
- 
Figure B.5.2: An old HC-301 thermoplastic holographic plate with a developed 
hologram: frost has only formed towards the middle of the plate, and a number of 
damaged spots can be seen. 
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B.6: Summary 
The use of the thermoplastic holographic camera and the ESPI have 
been detailed, and different approaches to the analysis of the resulting fringes have 
been discussed. Several difficulties encountered by previous workers have been 
investigated: poor fringe quality is found to be due to the fringes being localised 
away from the test plate, while the fringe fading encountered by Gholizadeh (1992) 
is found to be due to a flaw in the Newport thermoplastic holographic camera which 
causes the fringes to gradually change their localisation after developing. Several 
possible measures to alleviate these problems have been suggested. It has also been 
found that the lifetime of the thermoplastic plates can be substantially increased by 
taking simple precautions to exclude dirt and dust from the working area. 
75 
Chapter C: Swelling Agents and Polymers 
C.!: Swelling Agents for Natural Convection 
C. 1.1: Selection of Appropriate Swelling Agent 
Previous applications of the swollen polymer method in air have all 
been under conditions of forced convection, where the air flow should not be affected 
by the evaporating solvent. By contrast, in natural convection studies swelling agents 
are required whose vapours will generate conveniently vigorous downflows by the 
action of gravity. This implies solvents of both high molecular weight and vapour 
pressure; though too volatile substances would cause evaporative cooling and have 
too short a constant rate period. The chosen swelling agent must also swell which-
ever polymer coating is being used. 
As virtually all the solvents previously identified for (forced convec-
tion) swollen polymer work are insufficiently volatile for natural convection studies, 
it was necessary to identify likely new swelling agents. Table C. 1 gives a compari-
son of approximately 80 compounds that, on the basis of their molar mass and 
vapour pressure, may be useful for various mass transfer experiments. The Antoine 
or Clapeyron coefficients given are those deemed to be the most reliable out of more 
than 500 correlations considered for estimating vapour pressure values around room 
temperature. The table tends to concentrate on aliphatic esters since, along with n-
Alkanes, they have been found by Kapur (1973) and Colledge (1985) to be a class of 
compounds that swell the rubbers used to a usefully large degree. As vapour pressure 
data is available for a variety of esters at room temperature they also have the ad-
vantage of forming a regular series with gradually varying properties, allowing 
measurements to be made easily over a range of flow conditions. Since mass transfer 
is very sensitive to the vapour pressure, precedence has been given to experimental 
determinations at room temperature. The table includes a large number substances 
for which references have been found describing natural and forced convection mass 
transfer in air as well as a variety of substances (such as n-Butanol) that might be 
useful with other experimental techniques as well as likely ones for use in this work. 
The possibility of using these with various polymers is indicated. 
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The major difficulty encountered was that many sources are actually 
very old. As many big compilations of vapour pressure data do not give the refer-
ences used, for some substances it can be hard to tell whether different sets of coeffi-
cients are based on different experiments or just on differing reports (possibly with 
smoothing) of the same experimental values. There is also the risk of incorrect trans-
cription: an obvious example is that the data given in Jordan (1954) for iso-Propyl n-
Butanoate actually refer to iso-Propyl iso-Butanoate. 
The swelling agents finally chosen, as they were commercially avail-
able and covered a range of physical properties, were iso-Pentyl Ethanoate, iso-B utyl 
iso-Butanoate, n-Pentyl Propanoate, n-Nonane and n-Decane. iso-Pentyl Ethanoate 
was felt to be about the most volatile solvent that could be used before evaporative 
cooling became significant, while as the swelling agents are made less volatile the 
effects of background air movements become significant and can overwhelm the 
induced natural convection flow. 
Table C. 1 Key and Comments 
Key: 	Brookfield- Brookfield et al. (1946). 
ICT - International Critical Tables (1926). 
Jordan - Jordan (1954). 
K&L - Kaye and Laby (1986). 
K&N - King and al-Najjar (1974). 
Nebrensky - This work, Appendix 4. 
Ohe - Ohe (1976). 
Paterson - Paterson et al. (1987). 
PPDS 1 - PPDS Computer Databank (1987). 
RNV - Camacho Rubio etal. (1984a). 
Sh&B - Sherwood and Bryant (1957). 
SMF - Stage et al. (1954). 
Stull - Stull (1947). 
Timmermans- Timmermans (1950, 1965). 
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Table C. 1 Comments: 
. The ambient temperature and pressure used for Table C.1 are 25°C and 101325 Pa. 
• The 'polymer' column indicates compatible materials for swollen polymer mass 
transfer work, as follows 
a - Swelling agent has been tested with a silicone elastomer, such as those 
discussed in section C.2 
b - Swelling agent expected to be compatible with such polymers 
c - Swelling agent tested or expected to be compatible with other materials, 
such as gelatin or latex rubber 
d - Substance for which no suitable polymer has been identified. 
s - Substance solid at experimental temperatures 
• All Antoine coefficients given here are for use in App4- 1 to give pressure values in 
mm Hg; they have been scaled from the values given in the source as necessary. A 
value of 273.15 for C indicates that the data have been fitted to the Clapeyron equa-
tion, App4-2. 
• The numbers in parentheses after the vapour pressures represent the approximate 
range of values given by all the correlations found for that compound. 
• The Grashof numbers Gr  (and so Rayleigh numbers Rae)  have been evaluated for 
a point 20 cm down a vertical plate using Int-12. 
• Sc is based on a diffusion coefficient estimated by the method of Hirschfelder et al. 
(Appendix 3.1) for all compounds except Water, Naphthalene, Mercury and the 
alcohols, for which experimental values have been used. 
• The temperature of an equivalent heated plate has been found simply by making 
the concentration and thermal Rayleigh numbers equal. It should be noted that the 
mass transfer will generate a natural convection flow in the downward direction, 
while the heated plate will generate an upward flow. The figures in parentheses 
represent the scatter in the calculated equivalent temperatures resulting from the 
range of vapour pressures given for each substance. 
• The notes give the sources from which the vapour pressure values have been 
extracted and sometimes the temperature range in which they are deemed valid. 
Where a single source is named, the Antoine coefficients were given directly. Where 
two sources are given, the first obtained the coefficients from vapour pressure data 
given by the second (in general, the sources used by Ohe will not be given here). If 
no temperature range is given, the coefficients are valid for at least the 15-30°C 
range. For several substances no valid vapour pressure data could be found for room 
temperatures; the nearest data found has been included for completeness. 
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Table C. 1: Comparison of Possible Substances for Natural Convection Mass Transfer 
Polymer Antoine Coefficients Vapour Pressure Molar Mass 	Gr Sc Ra Temp. of equivalent plate 	Notes 
(for pressure in mm Hg) above ambient 
A B C Pa (range) (g mol') C 	(range) 
Acetone c 7.29306 1298.534 238.423 30796 (30500-30800) 58.08 9.93E+07 1.48 1.48E+08 187.29 (185-187) Nebrensky/K&L, 1-37*C 
Ethyl iso-Butanoate b 7.35712 1536.985 233.246 3391 (3000-3400) 116.16 3.28E+07 2.34 7.67E+07 97.83 (86-98) Ohe/Stull 
iso-Propyl n-Butanoate b 7.98767 1897.805 254.634 2118 130.19 2.38E+07 2.53 6.01E+07 76.44 Nebrensky/Jordan 10-30C 
iso-Butyl Ethanoate b 7.41186 1625.875 240.656 2609 (2320-2610) 116.16 2.52E+07 2.35 5.92E+07 75.50 (67-76) Ohe/Stull 
iso-Propyl iso-Butanoate b 7.22096 1488.585 222.419 2135 (2110-2140) 130.19 2.40E+07 2.44 5.83E+07 74.30 (73-74) Ohe/Stull 
Methyl iso-Pentanoate b 7.40329 1582.466 233.027 2485 (2475,2485) 116.16 2.41E+07 2.34 5.62E+07 71.56 (71-72) Ohe/Stull 
Ethyl n-Butanoate b 7.20697 1509.443 227.866 2304 (1930-2300) 116.16 2.23E+07 2.36 5.25E+07 66.87 (56-68) Ohe/Stull 
iso-Pentyl Methanoate b 7.17112 1552.344 234.450 2055 (1700-2050) 116.16 1.99E+07 2.36 4.69E+07 59.73 (49-60) Nebrensky/Stull 
n-Octane b 1873 (1850-1885) 114.24 1.78E+07 2.57 4.54E+07 57.92 (53-58) K & N extrapolation 
n-Propyl Propanoate b 7.43707 1607.568 230.412 1853 (1740-1880) 116.16 1.80E+07 2.36 4.23E+07 53.78 (50-55) Ohe/Stull 
Methyl n-Pentanoate b 7.56265 1695.998 235.502 1503 116.16 1.45E+07 2.37 3.44E+07 43.76 NebrenskylPPDS 1 
n-ButylEthanoate b 8.099 1964 253 1443 (1140-1440) 116.16 1.40E+07 2.37 3.30E+07 41.99 (42-48) Jordan 
n-Propyl iso-Butanoate b 7.27658 1545.216 218.248 1120 (1050-1170) 130.19 1.25E+07 2.55 3.21E+07 40.75 (41-43) Ohe/Stull 
iso-Propanol d 7.35607 1221.188 188.555 5789 (5740-6020) 60.10 2.00E+07 1.57 3.13E+07 39.93 (40-42) Nebrensky/K&L, 9-34C 
Ethyl iso-Pentanoate b 7.53473 1711.933 233.341 1079 (1070,1080) 130.19 1.22E+07 2.54 3.09E+07 39.20 (±0.3) Ohe/Stull 
n-Pentyl Methanoate b 7.25227 1517.692 215.897 1194 116.16 1.15E+07 2.37 2.73E+07 34.86 NebrenskyfPPDS 1 
iso-Butyl Propanoate b 7.65794 1767.952 233.197 862 (860-980) 130.19 9.66E+06 2.55 2.46E+07 31.38 (31-36) Ohe/Stull 
n-Propyl n-Butanoate b 7.5 1334 1746.225 234.070 790 (600-790) 130.19 8.87E+06 2.56 2.27E+07 28.86 (22-29) Ohe/Stull 
iso-Pentyl Ethanoate a 8.89428 247 1.532 277.880 723 (720,730) 130.19 8.1OE+06 2.56 2.07E+07 26.40 (±0.2) Nebrensky/Stull&Jordan 
n-Butyl Propen-2-oate b 7.30193 1658.030 227.589 729 (727-729) 128.17 8.00E+06 2.51 2.01E+07 25.62 (±0.05) Ohe/Stull 0-147*C 
Ethanol d 8.12187 1598.673 226.726 7869 (7550-7970) 46.07 1.49E+07 1.30 1.94E+07 24.60 (24-25) Ohe/Ambrose, 20-93 ° C 
iso-Butyl iso-Butanoate a 7.63543 1806.356 232.452 555 (550,640) 144.22 7.09E+06 2.73 1.93E+07 24.60 (24,28) Ohe/Stull 
Bromobenzene d 8.26472 2227.518 266.621 564 (560-570) 157.01 7.99E+06 2.23 1.78E+07 22.75(22-23) Nebrensky/Stull 3-40°C 
n-Nonane a 584 (560-640) 128.26 6.41E+06 2.77 1.77E+07 22.61 (22-25) K & N extrapolation 
iso-Butyl n-Butanoate b 7.63186 1927.291 248.061 500 (330-500) 144.22 6.38E+06 2.74 1.74E+07 22.24 (15-22) Ohe/Stull 
Camphene s 8.723 2428 273.15 506 (430-510) 136.24 6.01E+06 2.62 1.58E+07 20.09 (17-20) RNV 
n-Butyl Propanoate b 8.39792 2122.740 247.637 546 (540,560) 130.19 6.12E+06 2.56 1.57E+07 19.96 (20-22) Ohe/Usanovich 32 °C up 
Polymer 	Antoine Coefficients Vapour Pressure Molar Mass 	Gr Sc Ra 	Temp. of equivalent plate 	Notes 
(for pressure in mm Hg) above ambient 
A B C Pa (range) (g mo1) C 	(range) 
Ethyl n-Pentanoate b 7.95219 1975.483 244.082 544 130.19 6.1OE+06 2.56 1.57E+07 19.89 NebrenskylPPDS 1 
n-Pentyl Ethanoate b 8.078 2077 253 539 (530,540) 130.19 6.05E+06 2.57 1.55E+07 19.75 (19-20) Jordan 
n-Propyl iso-Pentanoate b 7.64290 1873.942 237.173 417 (360,420) 144.22 5.32E+06 2.74 1.46E+07 18.56 (16-19) Ohe/Stull 
Methyl n-Hexanoate b 7.89590 2014.087 250.114 501 (470-500) 130.19 5.62E+06 2.55 1.43E+07 18.27 (17-18) Ohe/Althouse&Triebold 
n-Pentyl Propanoate a 7.75104 1993.472 248.834 395 (395,397) 144.22 5.04E+06 2.75 1.38E+07 17.65 (±0.05) Ohe/Stull 
Ethyl iso-Hexanoate b 7.57141 1847.593 233.058 344 (343,344) 144.22 4.40E+06 2.74 1.20E+07 15.34 (±0.05) Ohe/Stull 
n-Hexyl Methanoate b 7.70540 1858.064 232.552 413 130.19 4.64E+06 2.57 1.20E+07 15.18 Nebrensky/PPDS 1 
iso-Pentyl iso-Butanoate b 7.49390 1848.636 231.904 265 (265-266) 158.24 3.79E+06 2.91 1.11E+07 14.04 (±0.01) Ohe/StulI 
iso-Butyl iso-Pentanoate b 7.57360 1886.088 233.079 246 (±0.2) 158.24 3.52E+06 2.91 1.02E+07 13.04 (±0.02) Ohe/Stull 
n-Propyl n-Pentanoate b 7.65528 1890.8 17 233.094 285 144.22 3.64E+06 2.75 9.98E+06 12.73 NebrenskyfPPDS I 
n-Butyl n-Butanoate b 7.42370 1730.132 218.162 271 144.22 3.47E+06 2.75 9.50E+06 12.12 NebrenskyfPPDS 1 
iso-Butyl n-Pentanoate b 62.77593143551.100 2269.263 214 (197,214) 158.24 3.08E+06 2.92 8.97E+06 11.43 (10.5,11.5) Nebrensky/Jordan 30C up 
Ethanoic Acid c 7.08358 1382.232 209.632 2077 (2020-2120) 60.052 7.16E+06 1.24 8.90E+06 11.33(11-11.5) Nebrensky/K&L, 24-56 CC 
n-Butanol d 9.02083 2143.963 236.551 888 (820-940) 74.12 4.45E+06 1.81 8.03E+06 10.23 (9.5-10.5) Nebrensky/K&L, 6-37CC 
iso-Pentyl n-Butanoate b 7.52386 1910.840 232.854 173 (172-173) 158.24 2.48E+06 2.92 7.24E+06 9.22 (±0.04) Ohe/Stull 21C and above 
n-Decane a 183 (170-240) 142.28 2.30E+06 2.96 6.80E+06 8.67 (8-9.5) K & N extrapolation 
2-Ethyl Hexyl Ethanoate b 7.88889 2173.827 249.556 125 172.27 1.98E+06 3.10 6.13E+06 7.81 Nebrensky/Jordan 
n-Hexyl Ethanoate b 7.48756 1739.393 210.395 167 144.22 2.13E+06 2.76 5.88E+06 7.49 NebrenskyfPPDS 1 
iso-Pentyl iso-Pentanoate b 7.67051 2131.904 251.049 118 (116-118) 172.27 1.87E+06 3.09 5.79E+06 7.38 (±0.05) Ohe/Stull 27C and up (?) 
Ethyl n-Hexanoate b 4.20108 484.129 92.239 157 144.22 2.02E+06 2.75 5.52E+06 7.04 Me/SMF 23CC  and above 
n-Pentyl iso-Butanoate b 4.36227 446.512 77.175 131 158.24 1.88E+06 2.91 5.45E+06 6.94 Nebrensky/Jordan 50CC up 
n-Hexyl Propanoate b 7.74502 2029.506 234.037 108 158.24 1.56E+06 2.94 4.56E+06 5.81 Nebrensky/PPDS 1 
n-Heptyl Methanoate b 7.81971 1960.398 224.399 121 144.22 1.55E+06 2.77 4.29E+06 5.46 Nebrensky/PPDS 1 
n-Butyl n-Pentanoate b 7.71766 1958.253 224.350 98 158.24 1.40E+06 2.93 4.09E+06 5.22 NebrenskyfPPDS 1 
n-Pentyl n-Butanoate b 7.5 1282 1826.3 16 213.033 92 158.24 1.32E+06 2.92 3.87E+06 4.92 Nebrensky/PPDS 1 
n-Propyl n-Hexanoate b 7.98972 2110.521 231.658 78 (78-82) 158.24 1.11 E+06 2.93 3.27E+06 4.17 (4.2-4.4) OhefBonhorst 43°C up 
Methyl n-Octanoate b 9.73 168 3458.439 321.179 73 158.24 1.05E+06 2.94 3.09E+06 3.94 Nebrensky/Jordan 34°C up 
1,4-DiChlorobenzene s 11.84700 3570.000 273.15 99 (90-140) 147.00 1.30E+06 2.34 3.05E+06 3.88 (3.5-5.4) RNV Clapeyron 
Water c 7.52940 1435.264 208.302 3179 (3170-3180) 18.015 -3.86E+06 0.62 -2.39E+06 -3.05 (±0.005) Ohe/Stull -17-100 °C 
n-Pentyl n-Pentanoate b 7.78747 2128.306 233.616 48 172.27 7.64E+05 3.11 2.39E+06 3.03 NebrenskylPPDS 1 
Polymer 	Antoine Coefficients 
(for pressure in mm Hg) 
A B C 
n-Heptyl Ethanoate b 7.46640 1786.176 201.899 
Ethyl n-Octanoate b 7.87146 2184.911 236.782 
n-Octyl Methanoate b 8.00771 2189.000 234.590 
n-Heptyl Propanoate b 7.89643 2191.203 235.916 
Camphor s 15.0825 8367.124 515.2995 
Ethyl n-Nonanoate b 7.58635 2194.180 242.650 
n-Hexyl n-Butanoate b 7.91022 2129.265 224.852 
n-Octyl Ethanoate b 8.01895 2256.961 235.583 
n-Octyl Propanoate b 8.02415 2340.731 237.584 
n-Dodecane a 
n-Hexyl n-Pentanoate b 8.06827 2278.481 225.950 
n-Heptyl n-Butanoate b 8.10882 2300.198 226.056 
Methyl Salicylate a 9.65983 3168.263 273.15 
iso-Butyl Benzoate a 9.00727 3033.000 273.15 
Ethyl Salicylate a 8.88700 3005.490 273.15 
n-Heptyl n-Pentanoate b 8.23891 243 2.695 226.172 
1-MethylNaphthalene a 8.23020 2727.210 264.730 
n-Octyl n-Butanoate b 8.30561 2467.435 226.809 
Naphthalene s 11.45 3729.274 273.15 
Acenaphthene s 10.2772 4841.01 390.618 
n-Tetradecane a 
n-Octyl n-Pentanoate b 8.46411 2613.041 227.761 
n-Decyl Ethanoate b 7.91619 2182.224 197.579 
Thymol s 14.24000 4780.000 273.15 
Methyl n-Dodecanoate b 8.29206 2537.644 215.225 
Acetamide s 8.24620 2413.323 227.706 
n-Hexadecane b 
Mercury d 7.73277 3007.129 263.129 
n-Butyl n-Octadecanoate b 8.96739 3603.569 248.846 
Vapour Pressure Molar Mass 	Gr Sc Ra 	Temp. of equivalent plate 	Notes 
above ambient 
Pa 	(range) (g mo1) C 	(range) 
52 158.24 7.50E+05 2.94 2.21E+06 2.81 NebrenskyfPPDS 1 
45 172.27 7.1OE+05 3.11 2.22E+06 2.81 Nebrensky/PPDS 1 
50 158.24 7.18E+05 2.95 2.12E+06 2.70 NebrenskylPPDS 1 
42 172.27 6.67E+05 3.11 2.08E+06 2.64 Nebrensky/PPDS 1 
53 	(30-54) 152.24 7.18E+05 2.76 1.99E+06 2.53 (1.4-2.6) Nebrensky/Timmermans 2 
33 186.29 5.69E+05 3.29 1.87E+06 2.38 NebrenskyfPPDS 1 
33 172.27 5.18E+05 3.11 1.61E+06 2.05 NebrenskyfPPDS 1 
30 172.27 4.83E+05 3.12 1.51E+06 1.92 Nebrensky/PPDS 1 
17 186.29 3.00E+05 3.29 9.83E+05 1.25 NebrenskylPPDS I 
19 	(15-20) 170.34 2.91E+05 3.31 9.62E+05 1.23(1-1.3) K & N extrapolation 
13 186.29 2.27E+05 3.29 7.44E+05 0.95 NebrenskyfPPDS 1 
12 186.29 2.05E+05 3.29 6.75E+05 0.86 NebrenskyfPPDS 1 
14 	(12-17) 152.15 1.96E+05 2.58 5.07E+05 0.65 (0.5-0.8) Nebrensky/Brookfield 
9 178.23 1.51E+05 3.03 4.57E+05 0.58 Kapur & Macleod (1976) 
9 166.18 1.31E+05 2.76 3.58E+05 0.46 Paterson etal. Clapeyron 
5 200.32 9.05E+04 3.45 3.13E+05 0.40 Nebrensky/PPDS 1 
9 	(8.8-9.1) 142.20 1.11 E+05 2.68 2.94E+05 0.37 (±0.005) Paterson etal. 6-56C 
4 200.32 8.12E-i-04 3.45 2.82E+05 0.36 Nebrensky/PPDS 1 
12 	(11-14) 128.17 1.28E+05 1.86 2.38E+05 0.30 (0.3-0.4) ICT, Stull 
6 154.21 7.87E+04 2.75 2.18E+05 0.28 Nebrensky/Stull 1 15C up 
2 	(1.9-2.0) 198.39 3.66E+04 3.64 1.33E+05 0.17 (±0.005) K & N extrapolation 
2 214.35 3.67E-i-04 3.61 1.33E+05 0.17 Nebrensky/PPDS 1 
2 200.32 3.28E+04 3.46 1.13E+05 0.14 Nebrensky/PPDS 1 
2 	(2-3) 150.22 2.89E+04 2.81 8.13E+04 0.10 (±0.05) Sh&B 10-50C 
1 214.35 1.47E+04 3.61 5.28E+04 0.07 Nebrensky/PPDS 1 
7 59.07 2.21E+04 1.62 3.59E+04 0.05 Ohe/Stull 65-222CC 
0.2 (0.1-0.2) 226.45 4.50E+03 3.96 1.78E+04 0.02 (0.01,0.02) K & N extrapolation 
0.3 200.61 5.01E+03 1.09 5.48E+03 0.01 Ohe/Hicks 25C up 
0.01 340.59 2.96E+02 4.90 1.45E+03 0.00 Nebrensky/PPDS 1 
C. 1.2: Magnitude of evaporative cooling 
One possible source of difficulty for mass transfer measurements is 
evaporative cooling, since if the temperature of the swelling agent is reduced its 
vapour pressure will also fall. This will have two consequences: first, the equilibrium 
concentration of the swelling agent above the surface is not uniform (and, unless 
local temperature measurements are made, unknown), and secondly there will also 
be a thermally induced natural convection component to the flow. 
It is possible to estimate the magnitude of any evaporative cooling by 
considering the temperature drop that will be caused by the removal of the solvent if 
the heat of evaporation was not replaced from the air. In even a long experimental 
run it is unlikely that more than 200 fringes can be counted, indicating a maximum 
surface recession of around 100im. Over a 20 cm square, this is a volume of 4x10 6 
m3 . This represents about 0.026 mol of iso-Pentyl Ethanoate. As the latent heat of 
vapourisation of the swelling agent is about 40000 J mot 1 (Perry, 1984), approx-
imately 1000 J will be required to evaporate the solvent. 
The Aluminium backing plate used in the front-view geometry weighs 
around 1 kg and so contains approximately 40 mol of metal. The specific heat capa-
city of Aluminium at 25°C is 25 J mold (Perry, 1984), and the plate would there-
fore cool by about 1°C, leading to a drop of 5% in the vapour pressure of the 
swelling agent. Obviously, such a model completely ignores thermal resistance in the 
polymer or substrate, and one could therefore expect a greater degree of cooling at 
the surface of the polymer. On the other hand, there are two reasons why this model 
is a pessimistic estimate of the evaporative cooling: it assumes an even loss of so!-
vent although in a natural convection situation the highest rate of evaporation will be 
in a strip along the leading edge, and it ignores the warming of the test surface by the 
medium in which it is submerged; it was thus felt that evaporative cooling would not 
be a serious issue with the swelling agents chosen. 
Attempts were also made to measure any temperature drop directly, 
but their results were inconclusive. A surface reading thermometer placed in contact 
with the silicone did not indicate the surface was any cooler, but as its presence 
disrupted the flow preventing further cooling it may be that its thermal capacity was 
large enough to warm the polymer again. A thermocouple embedded in the brass test 
plate as close to the front surface as possible also failed to record any drop, but was 
insulated from the transferring surface by the bulk of the polymer coating. A mock 
plate was also tried: this consisted of a sheet of blotting paper soaked in iso-Pentyl 
Ethanoate and pinned to a block of wood with a thermocouple trapped behind it. The 
results were again unreliable: mostly no change was detected but on some occasions 
a 1°C fall was noted. 
The simplistic theoretical approach and the direct measurements both 
suggest that evaporative cooling is unlikely to be a problem with the solvents finally 
chosen for the natural convection work. Even if significant evaporative cooling does 
occur, it should be obvious as a deviation in the results increasing with the mass 
transfer rate. 
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C.2: Choice of Polymer and Substrate Preparation 
C.2. 1: Introduction 
The solvents chosen for the natural convection work according to the 
foregoing criteria swell the silicone rubber usually used in swollen polymer experi-
ments by much more than those commonly used in forced convection, such as Ethyl 
Salicylate. For small volume swellings, the natural flexibility of the rubber counters 
the internal stresses generated by the polymer attempting to swell in all three dimen-
sions whilst being constrained in only two of them by the substrate. If the volume 
change of the elastomer is too great, however, wrinkles may form at the free surface 
of the polymer, or the silicone coating may even separate completely from the test 
surface; hence it is necessary to ensure that the polymer coating is robust enough to 
withstand the substantial swellings imposed by the desired solvents - typically a 
linear expansion by 50%. 
The silicone rubber used by many previous workers, RTV 615 man-
ufactured by GE Silicones, simply popped off both metal and glass surfaces when 
soaked in possible natural convection swelling agents. A variety of elastomers, pri-
mers and application techniques have therefore been examined to find those compat-
ible with the desired solvents, represented initially by iso-Pentyl Ethanoate and n-
Nonane. The glass surfaces were simply cleaned with acetone before each test coat-
ing while the aluminium and brass plates were freshly shot-blasted and then cleaned 
with acetone. The rods were rubbed down with emery paper and then wiped with 
acetone before each coating. 
C.2.2: GE RTV 615 
RTV 615 is a two-part addition cure clear and colourless silicone 
elastomer. Coatings of RTV 615 were prepared by gently mixing the resin and cata-
lyst in a 10:1 ratio (recommended by the manufacturer) and then pouring the re-
quired amount on to the prepared substrate and leaving to cure at least overnight at 
room temperature; the extended curing time allowing the bubbles of trapped air to 
reach the surface and escape. The uncured mixture is a viscous liquid, and so the free 
surface will set very smooth and flat. 
E:1 
As has already been mentioned, RTV 615 was removed from un-
primed glass and metal surfaces by a variety of swelling agents. The correct primer 
for RTV 615 on brass and aluminium (GE SS 4155) is the wrong colour (blue, which 
will not reflect the red laser light) and so a generic primer for brass and aluminium 
(GE SS 4004) was tried instead; but it was found to be dissolved by the solvents. 
GE SS 4120 primer (the specific clear primer for RTV 615) was tested on a glass 
plate, but although the primer coat remained attached to the glass the silicone layer 
separated from the primer. Dow Corning 1200 primer was tried, but this was also 
pulled from the glass by iso-Pentyl Ethanoate. 
C.2.3: Silicone Sealant 
Silicone sealants, such as those commonly available as "bathroom 
sealant," are usually one-part materials in which the cross-linking of the polymer 
chains requires water vapour from the atmosphere, giving off Ethanoic Acid (known 
as 'acetoxy cure'). One such product (Vallance) was found to adhere well to both 
metal and glass when soaked with possible swelling agents. It is, however, supplied 
as a thick paste which will not naturally form a smooth flat surface suitable for mass 
transfer experiments. 
Attempts were made to cast the front surface of the rubber using a 
sheet of acetate film (OHP foil) as a mould. Sealant was spread over the substrate 
and the acetate carefully lowered on to the plate from one end to allow air to escape. 
The initial curing time, which is usually about an hour, was extended to 24 hours on 
account of the exclusion of the atmosphere. This allowed the rubber to cure, but the 
adhesion of the sealant to the OHP film was great enough that the acetate film could 
not be removed without damaging the polymer coating. Silicone based release fluids 
(Dow Corning "Releasil A" and Rocol "Lubricant SL") were successful as mould-re-
lease agents when sprayed on to the acetate sheet immediately before use, but made 
the polymer layer turn opaque when soaked with swelling agent. PTFE-type dry 
lubricants (Walker's "Fluolion," Pampus Fluorplast "Sprayflon 82" and Rocol 
"M.R.S." mould release agent) also made effective mould-release agents' when 
applied to the OHP foil, but tended to produce a very rough, though flat, front sur- 
1 . Though another such spray, Ferro "L201 Parting and Release Agent," did not. 
face unsuited to the present work. It may however be noted that using a rough 
polymer with the total internal reflection technique can produce very high quality 
fringe patterns, even without a separate diffuser. Buffing the PTFE layer with a sheet 
of paper before use made a small but noticeable difference to the smoothness of the 
finished polymer surface. Attempts were made to cast against a buffed Teflon sheet 
were unsuccessful as the sealant did not cure. 
Much better finishes were obtained by knife-casting the sealant. This 
involves removing the surplus resin with a sharp blade that is moved along the sur -
face. The blade may be pulled along with either a planing or a spreading motion, 
figure C.2. 1. The blade was made from a strip of aluminium plate with one edge ma-
chined to an angle. When using the planing motion, better results were obtained with 
a blade with an included angle of 22.5° than with one machined at 45°, suggesting 
that the trailing angle between the sealant and the blade is an important parameter. 
Better results still were obtained with the spreading motion. 
Planing Spreading 
Figure C.2. 1: Planing and Spreading methods of applying polymer coating 
On flat surfaces, strips of insulating tape along the edges of the plate 
were used to support the blade as it was drawn along. Two or three layers of tape 
were used, figure C.2.2. The knife was pulled along the plate from one end to the 
other once to ensure there were no bubbles or bare patches and to remove excessive 
sealant. The top layer of tape was then removed and the final pass made. The rest of 
the tape was then removed before the sealant started to cure. The number of layers of 
tape determines the spacing between the substrate and the blade and thence the 
thickness of the finished coating. Two layers of tape result in a coating around 0.15 
mm thick. 
Blade 
Silicone 	) Tape 3 Spacers 
Substrate 
Figure C.2.2: End view of coating technique 
Silicone sealant was applied to the rods in a similar fashion, except 
that the rod was rotated in a lathe at a low speed (about 40 r.p.m.). The blade could 
then be held in the toolpost and its distance from the rod accurately controlled; the 
tape could thus be dispensed with. One problem was that a thin line was left in the 
polymer surface the blade was pulled away from the sealant. 
Although the silicone sealant generally adhered well to the various 
test surfaces, it did have a tendency for the free surface to wrinkle (fig. C.2.3), espe-
cially when applied in a deeper layer. For polymer layers of the thickness above 
applied to flat surfaces, this wrinkling could be prevented by roughening the metal 
substrates, achieved satisfactorily by the shot blasting, and by applying Dow Corning 
1200 primer to both metal and glass test plates. Sealant coatings applied to the short 
rods seemed to be much less stable, and on swelling could separate completely from 
smooth, unprimed rods (fig. C.2.4). It was therefore necessary not only to roughen 
the rods with coarse emery paper, especially in the axial direction, and use primer, 
but also to cut slots into the polymer coating by dragging a blade through the un-
cured sealant. These slots tended to gather banks of sealant on each side, 
figure C.2.5. An unswollen sealant coated rod is shown in figure C.2.6. The polymer 
surface has a few azimuthal streaks caused by dust or damage to the blade used to 
smooth the sealant, but is otherwise much more even than the brass surface under-
neath. The disturbance to the polymer at one of the slots can be seen at the side. 
Figure C.2.3: Above: Polymer wrinkling el 
I  ct exhibited on brass rod with thick 
sealant coating swollen with iso-Pentyl Ethanoate. 
Below: Close-up of rod efl(l 
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Figure C.2.5: Sealant coating applied to a rod 
MPG 
<- I cm —> 
Figure C.2.6: Unswollen sealant coating on roughened and primed brass rod. Turn-
ing marks can be seen in the polymer surface and one of the slots is visible at the 
right. 
all 
C.2.4: Other Elastomers 
Although acceptable surfaces can be produced on flat plates by knife-
casting the silicone sealant, the need to cut disruptive slots in the coating on rods 
makes it necessary to find an alternative. 
Dow Coming's R4-3117 Conformal Coating is a one-part brushable 
liquid that sets to a very hard clear polymer. Since it dries fairly rapidly it canbe 
difficult to get a flat surface without runs, and after soaking in iso-Pentyl Ethanoate it 
develops substantial pits that extend right through the coating to the substrate, figure 
C.2.7). 
GE RTV 12 is a clear and colourless two-part condensation cure sili-
cone set by a catalyst containing a tin salt, such as RTV 12C which is colourless and 
based on DiButyl Tin Oxide. It is initially a viscous liquid that sets in 72 hours at 
room temperature, bonding directly to glass and metal without a primer. When 
swollen with iso-Pentyl Ethanoate deep wrinkles form in the surface which do not 
completely disappear even after all the swelling agent has evaporated (fig. C.2.8). 
RTV 615 and RTV 12 are completely clear when set, in contrast to 
the one-part silicones examined which, although often labelled 'clear,' contain differ-
ing amounts of an opaque filler material which gives them a cloudy appearance. Sea-
lants, such as that from Valiance, contain substantial amounts of this in order to 
make them thick pastes but they still appear fairly clear when applied in thin layers, 
as in this work. Rhodorsil 3B, manufactured by Rhône-Poulenc, is also a one-part 
silicone rubber designed for use as a sealant. It adheres well to metal and glass 
without primer but contains more filler than the Valiance product, making it stiffer, 
both before and after curing, and giving it a noticeably whitish appearance. It wrin-
kled especially badly in iso-Pentyl Ethanoate. 
Dow Corning "Silastic 734 Clear Adhesive/Sealant," henceforth re-
ferred to as DC 734, is also a one-part acetoxy cure silicone rubber that cures initially 
in about an hour, but it is much less viscous than those mentioned already so that it 
naturally forms a smooth, level surface. When used with Dow Corning's 1200 
primer it adhered well to both metal and glass plates with all the swelling agents used 
(although adhesion to metal surfaces was very sensitive to imperfect preparative 
cleaning of the substrate). Wrinkling was not found to be a problem with any but the 
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thickest coatings (fig. C.2.9), which meant that some means of controlling the 
polymer thickness was required. That adopted was simply to also perform the knife-
casting operation with the more fluid materials as well as with the stiffer sealants, but 
with the aim of determining the depth of the silicone rather than the surface finish as 
this was achieved by the inherent self-levelling properties of the less viscous com-
pounds, such as DC 734. - 
DC 734 was found to be far superior to sealant for application to 
cylindrical rods: after the knife-casting step the newly-coated rod is left spinning on 
the lathe allowing the surface to even out by surface tension, eliminating the axial 
mark due to the removal of the tool. Also, the DC 734 surface did not require the 
cutting of slots to prevent wrinkling. The DC 734 was also found to be useful for 
coating the I  long rod, which would be difficult to do with sealant - the tool used to 
spread the silicone cannot easily be as long as the rod; so the coating must either be 
done in sections or by a completely different method. The problems with coating the 
rod with sealant in stages lie in getting a smooth and level join between neighbouring 
sections. This is not such an issue with the DC 734 since the material in the two areas 
will naturally mix and smooth and even itself out, as long as the next section is 
applied before the silicone starts to skin over after about 5 minutes. Because of its 
advantages, DC 734 was used in almost all the work on vertical rods. 
Two other one-part silicone rubbers were also evaluated: DC 3140 
and RTV 118. "3140 RTV Coating", from Dow Corning, is similar to DC 734 but 
less viscous before curing - it is designed as a protective coating rather than an 
adhesive and sealant. It requires a different primer, Dow Corning type 1204. It is 
softer when cured, and fine wrinkles form on the surface when it is swollen. 
RTV 118, from GE Silicones, is similar to DC 3140 except that it 
starts to cure and goes stringy very quickly making it hard to get a good surface 
finish, especially if the knife-casting technique is being used to try to control the 
depth. The final surface also tends to have a slightly matte, or chalky, appearance. It 
bonds securely to both glass and metal without primer, but again tends to get fine 
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Figure C.2.9: Surface wrinkling on a thick layer of DC 734 swollen in iso-Pentyl 
Ethanoate. The area on the left of the photo is the uncoated substrate. 
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Polysulphide rubbers were considered for testing as Kapur (1973) had 
had some success making weight-loss measurements with several, but none he 
examined were transparent although the rapid fringe fading he experienced with 
them was ascribed to the rubber being slightly translucent. However, of the two 
polysuiphide rubbers tested since by Roberts (1993), a different type of "Thiokol" 
swelled irreversibly in iso-Butyl Benzoate, while another product detached from the 
primed metal substrates. Roberts also noted that a natural rubber swelled in Acetone, 
turning sticky and slightly translucent. The possibility of a Latex rubber as used by 
Macleod and Todd (1973) was not investigated. 
Polymer coatings were removed from test surfaces either by slicing 
them off using a sharp blade of the type commonly sold for removing paint from 
windows, possibly swelling the coatings first to soften them, or by using Dow Corn-
ing Silicone Sealant Remover: this was effective on all the silicones used but tends to 
stain any exposed brass or aluminium surfaces. 
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C.3: Polymer Swelling 
C.3. 1: Equilibrium Aspects of Polymer Swelling 
Kapur (1973) suggests that it is possible to model satisfactorily the 
swelling of the polymers used in mass transfer work using the simple Flory-Huggins 
equation 
In (ps  "P5,0 ) = In Os + (l-) + x (l-4 )2 	C.3-1 
even though strictly this does not apply to cross-linked polymers. t s here is the 
volume fraction of the swelling agent in the swollen polymer above which the equi-
librium vapour pressure of the solvent is the saturated vapour pressure of the 
pure swelling agent being 
X is a parameter that depends on the particular polymer / swelling 
agent system being investigated. It may conveniently be found from the volume 
fraction of the solvent in the polymer at equilibrium swelling, S,e'  when the vapour 
pressure above the polymer is assumed to be that of the pure swelling agent. C.3-1 
then becomes 
in S,e + (*Se ) + x ( 1 0se )2  = 0 	 C.3-2 
Free pieces of the silicone rubbers used in this work (RTV 615, sea-
lant and DC 734) have all been found to swell by much the same amount, about 50% 
along a linear dimension, when soaked in iso-Pentyl Ethanoate, n-Nonane or any of 
the other swelling agents used for natural convection experiments. This gives a value 
for X of around 0.63. 
Colledge (1985) has found that experimental or estimated solubility 
parameters may conveniently be used to predict the equilibrium swelling of 
polymer/solvent systems. Although such techniques would be useful in forced 
convection work where it may be difficult to find less volatile swelling agents that 
swell the rubber to a useful degree, such approaches not particularly useful here as 
equilibrium swelling is only one factor in the usefulness of a given polymer/solvent 
system - it is also necessary to consider other effects such as puckering of the surface 
or loss of adhesion to the substrate; as an example, free pieces of both RTV 615 and 
sealant have a similar equilibrium swelling in possible natural convection swelling 
W. 
agents but RTV 615 will detach from the test surface while the sealant will remain 
on it. 
When restrained by a surface both the sealant and DC 734 layers 
soaked in natural convection swelling agents will swell by about 220% away from 
the substrate, a much greater linear expansion than the free pieces. However, as the 
coating is fixed in the other two directions the total volume swelling is only 220%, 
compared with 340% for the free pieces, and the attached silicone coatings have a 
different value of X of around 0.73. 
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C.3.2: Diffusional Aspects 
It is desirable to be able to ensure that an experimental run has been 
completed within the constant rate period of the polymer. This is usually taken to be 
the time during which the vapour pressure of the swelling agent at the surface is at 
least 95% of the vapour pressure of the pure solvent. This not only requires that the 
polymer contains enough swelling agent (i.e. that within the polymer layer 4 is 
sufficient that p s /ps'O ~! 0.95 according to C.3-1), but also that the solvent can 
permeate sufficiently rapidly through to the polymer surface by diffusion from the 
interior of the coating. In order to estimate the constant rate period, or maximum 
allowable duration of a mass transfer experiment, for a given rate of transfer from the 
surface it is therefore necessary to know the diffusivity of the solvent within the 
coating. Such data is not available in the literature for the polymer and solvent 
combinations of interest, so the diffusivities were determined experimentally as 
follows. 
The mass m of solvent absorbed in time t by an infinite polymer sheet 
of thickness z exposed to a solution of constant concentration on one side is given by 
Crank (1956) as: 
M 	 8 	-D5 (2n+ 1)2 2 t 14 z2 
} 
- 1 - 	 e 
m,,, 	
= 0 1 (2n+l)2 7C2 
C.3-3 
where m, is the amount of solvent that will be absorbed after an infinite time and 
DSP 
is the diffusion coefficient of the solvent within the polymer. As this expression 
converges extremely rapidly for realistic times and polymer thicknesses, only the 
first term need be taken. C.3-3 may then be re-written as 
M 8 	1Jsp lt2 t/4z2 1 
-= i - — e 	 C.3-4 
J 
Re-arranging and taking logs gives 
D5 it2 t 
ln(1-mIm,) = In (8/7C2) - 	 C.3-5 
4 z2 
The diffusivity of the swelling agent within the polymer may thus be measured by 
studying the rate at which the polymer takes up the solvent. As noted by Southern 
and Thomas (1967), the analysis by Crank assumes a polymer sheet with a constant 
surface area in contact with the swelling agent. Although this is essentially the situa-
tion when a swollen polymer coating loses, or gains, solvent it is in contrast to most 
experimental studies of diffusion into polymers, which have used free lumps of 
material. If instead the polymer is constrained to only expand away from the sub-
strate then, assuming volume additivity, is also possible to determine the mass of the 
absorbed fluid from the change in thickness of the polymer. 
The apparatus used to investigate the penetration of the swelling agent 
into a polymer coating attached to a rigid substrate is shown in figure C.3.1. A dial 
gauge is kinematically mounted on a brass frame, on the base of which are mounted 
three porous ceramic balls. The polymer to be investigated is applied to a microscope 
slide which is then placed face down on the porous balls. The petri-dish holding the 
apparatus is then filled with swelling agent up to the top of the microscope slide; the 
polymer then swells, lifting the slide. The motion of the slide can be followed on the 
dial gauge. An inverted beaker was placed over the apparatus to limit atmospheric 
evaporation, and extra swelling agent occasionally added to keep it level with the top 
of the slide, to eliminate surface tension effects. The kinematic mounting allows the 
gauge to be reset should the swelling be greater than its range. 
Figures C.3.2 show the swelling of a variety of silicone polymers in 
various solvents. The term 'relative swelling' refers to the increase in volume of the 
polymer, which is here identical to the change in thickness of the coating. The same 
coated slide was used for all the experiments with each silicone. Several 
polymer/solvent combinations have been repeated in order to get an idea of the 
random errors in the technique. For some combinations, such as n-Nonane in 
DC 734, the results from experiments made several months apart are almost identical 
whereas other combinations, notably sealant with iso-Pentyl Ethanoate and DC 734 
with iso-Butyl iso-Butanoate, give very different curves. The reason for such differ -
ences is not known; contamination of the solvents is the most obvious possibility. 
Figures C.3.2e and C.3.3e show a marked difference between the kinetics of swelling 
for the sealant and for the RTV 615. 
Figure C.3. 1: Apparatus for the measurement of diffusivity of swelling agents within 
polymers 
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Swelling of DC 734 by Esters 
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Swelling of Silicones by 
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Figure C.3.2e: Swelling of Silicones by Solvents used in Forced Convection 
The diffusivity of the swelling agent may well vary with its concentra-
tion within the polymer. The value of interest is that corresponding to the end of the 
constant rate period which, from C.3-1 and using the approximate value of 0.73 for 
X, is estimated to occur when about 70% of the final amount of solvent has been ab-
sorbed. 
The diffusion coefficients were found from the gradients of graphs of 
-ln(1-m /m) against time (figs. C.3.3) at points corresponding to m /m = 0.7 (i.e 
where -ln(1-m Im) = 1.2 ). The value of the rubber thickness z used was always 
the current thickness of the swollen polymer coating. The values of diffusion coeffi-
cient obtained are listed in table C.2. The accuracy of these values is difficult to 
ascertain - as well as random factors such as changes in temperature or batch of 
swelling agent, there are also several potentially significant systematic errors: there 
may be considerable deformation of the silicone rubber by the support balls (leading 
to underestimation of the swelling), while if the ceramic balls are not porous enough 
they will limit the diffusion of the solvent to the polymer, giving a slower rate of 
swelling. Table C.2 also includes values of the constant rate period for the chosen 
solvents under typical forced and natural convection conditions, found using A.2-2. 
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Diffusion of Esters into Sealant 
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Figure C.3.3a: Diffusion of Esters into Sealant 
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Figure C.3.3b: Diffusion of n-Alkanes into Sealant 
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Diffusion of Esters into DC 734 
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Figure C.3.3c: Diffusion of Esters into DC 734 
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Figure C.3.3d: Diffusion of n-Alkanes into DC 734 
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Diffusion of Forced Convection Swelling Agents into Silicones 
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Figure C.3.3e Diffusion of Forced Convection Swelling Agents into Silicones 
Table C.2: 	Diffusivities at nilm, = 0.7 and Typical Constant Rate Periods 
(C.R.P) of Various Polymer/Swelling Agent Combinations 
Polymer 	Swelling Agent 
	 DSP  ( 10 cm2 s') C.R.P. (mm) 
Sealant iso-Pentyl Ethanoate (Run 1) 6.5 34 
iso-Pentyl Ethanoate (Run 2) 5.9 31 
iso-B utyl iso-Butanoate 7.6 52 
n-Pentyl Propanoate 6.4 91 
n-Nonane (Run 1) 8.8 49 
n-Nonane (Run 2) 8.9 49 
n-Decane 	- 6.5 300 
DC 734 iso-Pentyl Ethanoate (Run 1) 9.1 47 
iso-Pentyl Ethanoate (Run 2) 8.4 43 
iso-Butyl iso-Butanoate (Run 1) 6.7 46 
iso-B utyl iso-Butanoate (Run 2) 10.1 69 
n-Pentyl Propanoate 8.8 125 
n-Nonane (Run 1) 7.4 41 
n-Nonane (Run 2) 7.5 42 
n-Decane 6.8 320 
RTV 615 Ethyl Salicylate 3.1 1.3 * 
 
1-Methyl Naphthalene 3.6 1.6* 
Sealant Ethyl Salicylate 6.1 1.1 * 
 
1-Methyl Naphthalene 6.3 1.2* 
(Typical P.. for natural convection 0.5 cm s 1 , for forced convection (*) 20 cm s') 
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C.4: Summary 
Unlike those previously used in forced convection work, swelling 
agents useful for natural convection mass transfer experiments in air must have a 
vapour density sufficient to generate a useful flow. The relevant physical properties 
of a substantial number of materials have been surveyed. Two series of compounds, 
namely aliphatic esters and n-Alkanes, appear to be particularly suitable for making 
mass transfer measurements. However the substances selected for use in natural 
convection situations tend to strip the elastomer usually used in swollen polymer 
experiments from the substrate, and so a variety of alternative silicone rubbers, 
primers and coating techniques have been tested, and two products identified as 
being useful for mass transfer work: a silicone sealant, which may be knife-cast to 
obtain a smooth test surface, and DC 734 from Dow Corning which is self-levelling; 
these have successfully been applied to both flat plates and curved surfaces. The 
diffusivities of a number of swelling agents in these polymers have been determined, 
to allow the calculation of constant-rate periods. 
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Chapter D: Experiments in the Total Internal Reflection Geometry 
D.1: Introduction 
As mentioned in section A.3.5.2.2b, the application of live fringe 
interferometry in the front-viewing geometry is hindered by woozing and wavering. 
This problem can be avoided either by employing off-line holography, stopping the 
fluid flow to study the fringes, or changing to the total internal reflection geometry. 
As a natural convection flow cannot be conveniently turned on and off, the only way 
to prevent possible woozing and wavering is by using the total internal reflection 
scheme. However, as described in section A.3.5.3, previous workers have had mixed 
success in applying on-line interferometry to this geometry and so it was decided 
first to test the total internal reflection geometry in a familiar situation (an impinging 
jet) before attempting to apply it to natural convection. 
It was noticed that the workers reporting difficulties with the total 
internal reflection geometry either had the optical diffuser in the object beam close to 
the beam expander, which was almost a metre from the prism (Gholizadeh, 1992), or 
had no diffuser at all (Larez, 1982); whereas other workers have had the diffuser 
close to the prism. Figure D. 1.1 shows three photographs of the fringe patterns ob-
tained with ajet impinging on a glass prism coated with RTV 615 swollen with Ethyl 
Salicylate: in the top photograph no diffuser is used, in the second a ground glass 
screen is placed at the spatial filter 50 cm from the prism and finally in the bottom 
picture the glass screen is placed right at the prism. The fringes appear elliptical due 
to foreshortening as the test plate is being viewed at an angle through the prism. It is 
obvious that the fringe visibility is much improved with the diffuser close to the 
prism. 
The perceived progressive fading of the on-line fringes in Gholiza-
deh's work is therefore felt to be due to the combination of their re-localisation, 
apparently due to the cooling of the holographic plate following erasure (section 
B.4), and their initial location at the diffuser, distant from the swollen polymer and so 
from the focal plane of the video camera. The effect, apparently peculiar to the 
Newport camera using freshly erased plates, should thus be minimised by keeping 
the diffuser as close to the prism as possible and by using only thermoplastic plates 
erased well beforehand. 
1). 1.1: Comparioii ol dillerciit diHuser positions for the total 
internal reflection geometry. Above: no diffuser. 
Above: Dii lucr at spatial biter (image slightl out of focus) 
Below: 1)111 user at prism 
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D.2: Impinging Jet 
In order to demonstrate the utility of the total internal reflection arran-
gement, measurements were made of mass transfer from a plane surface exposed to 
an impinging jet. The test plate was that made from a long Perspex prism glued on to 
a glass plate shown in figure B. 1.3.2 and described in section B. 1.3. and coated with 
the silicone sealant ready for the natural convection work. The longer prism allowed 
measurements to be made at distances up to 40 mm from the jet axis, further than 
with the glass prism used in the preliminary work. The jet consisted of a plain tube 
nozzle of 7 mm internal diameter d fed from the building compressed air supply via a 
rotameter and control valve (fig. D.2. 1). The end of the nozzle was 15 mm from the 
silicone surface, giving a value of 2.1 for zId- 





BE - Beam Expander 
BS - Beamsplitter 
GG - Ground Glass Diffuser 
M - Mirror 
P - Prism 
Figure D.2. 1: Optical Layout for Total Internal Reflection Geometry 
The Reynolds numbers, based on tube diameter, were varied between 
about 8000 and 18 000. In this range, the mass transfer distribution no longer varies 
monotonically from near the nozzle axis, but rather has local maxima at the stagna-
tion point and about rid = 2, with a local minimum in between. The local maxima 
and minima can clearly be seen with on-line interferometry as regions where the 
developing fringes split and merge respectively - figure D.2.2 attempts to convey 
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this. There was no noticeable wavering, although some woozing did occur. The 
fringes were seen to be slightly asymmetrical, with the fringes at the secondary 
maximum splitting first in the upper left portion of the image. This was believed to 
be due to the jet nozzle not being perfectly normal to the test plate. The fringes were 
analysed by method I from section B.2.2.2. 
The results are shown in figure D.2.3 as radial distributions of Sher-
wood number (based on nozzle diameter). As might be expected, greater Re results in 
increased mass transfer, and accentuates the secondary maximum. Figure D.2.4 
shows the change in Sherwood number at the stagnation point Sh 0 with Re. The re-
suits of this work can be fitted to 
Sh0 = 0.42 Re 2/3 
	
D.2-1 
with a standard error of about 5% in the exponent and 8% in the constant. The results 
are significantly higher than those from the swollen polymer experiments of Gholi-
zadeh (1992), who reports the following relationship between Sh 0 and the Reynolds 
number, for 2400 :!~ Re !~ 13550 and zJd = 2: 
Sh0 = 1.22Re 1/2 Sc 1 "3 
	
D.2-2 
Gholizadeh used a number of swelling agents, thus covering a range of Sc, while 
here only one has been used. However, if the generally accepted dependence of Sh0 
on Sc 113 (Jambunathan et al., 1992) is followed, D.2-1 becomes 
Sh0 = 0.30 Re  2/3  Sc113 
	
D.2-3 
The most likely explanation for the enhanced mass transfer as corn-
pared with Gholizadeh's work is that the roughness of the sealant surface becomes 
significant. As the sealant is applied as a paste and then mechanically smoothed, the 
surface is never perfectly flat and will have various streaks and flaws due to dirt and 
dust getting into the surface as the rubber is spread on to the test plate; by contrast, 
the RTV 615 used in Gholizadeh's experiments is liquid before curing and so can set 
to form a completely smooth front face. Roughness effects have been observed in 
other work: Dawson and Trass (1966) reported mass transfer rates of over 50% 
above their theoretical predictions for experiments based on naphthalene sublimation 
(with Sc = 2.45, Re = 10 600, zld = 8.8), ascribing this to the roughening of the trans-
ferring surface during the flow. In their review of heat transfer data from impinging 
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jets, Jambunathan et al. (1992) compared the data of a number of experimenters 
(representing a range of zld from 1.25 to 10), fitting it to the form Sh0  oc  Re'. The 
values of m obtained from the data of different workers ranged from 0.5 to about 0.8. 
A second possible source of error in these experiments is deflection of 
the test plate by the force of the impinging jet. The sensitivity of interferometric 
techniques means the test plate only has to deform by a fraction of a wavelength for 
spurious fringes to appear, and in the total internal reflection geometry the plate will 
tend to be pushed away from the nozzle and so in the direction corresponding to the 
loss of extra solvent from the surface. Mechanical compression of the swollen sea-
lant by jet impingement is a further possibility, but this would not explain the present 
disagreement with Gholizadeh's results as the coating used here feels stiffer than the 
swollen RTV 615 used by Gholizadeh. These effects would become more important 
with higher flows: the number of fringes in the final pattern must be limited in order 
for them to be clearly visible, but as the flow is increased the test plate is more likely 
to deform. 
Any such mechanical deformation will appear only at the beginning 
of the run when the flow is started. Thereafter it cannot affect the observed rate at 
which fringes pass over a given point on the transferring surface and so cannot 
affect results obtained by method II of B.2.2.2. It has, however, the potential of 
causing difficulties in any experiments in which the fringes are analysed by method 
I, as used here. This is because when the experimental run is carried out the fringes 
are viewed directly on the monitor which has a much higher resolution than the video 
recorder. When the footage is played back for analysis, the fringes will tend to 
become crowded and blur together much sooner than in the original run. The fringe 
pattern analysed is therefore most conveniently obtained from a frozen frame of the 
tape, at a point when the jet is still active. As the fringe pattern represents all the 
changes to the test plate since the moment of exposure, when there was no jet, any 
mechanical deformations will be included in the fringe pattern analysed. In fact, as 
no spurious fringes have been observed appearing as the jet was turned on (or with 
an unswollen coating), mechanical deformation is not believed to have occurred in 
this work. 
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Figure D.2.2 Series of live fringe interferograms showing mass transfer to an impinging jet. 
The stagnation point and local minimum and maximum of mass transfer are indicated. 
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Figure D.2.3: Radial distribution of Sherwood number beneath impinging jets 
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Figure D.2.4: Variation of Sherwood number at stagnation point Sh0 with Re 
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The work above has shown that the newly identified silicone sealant is 
a viable polymer for mass transfer experiments. The fringe fading problems exper-
ienced in the total internal reflection geometry by previous workers have been avoi-
ded, and this optical layout has been found to eliminate woozing and wavering. 
Although Ethyl Salicylate is commonly used in forced convective 
mass transfer work, the vapour pressure data for 1-Methyl Naphthalene seems much 
more reliable (Paterson et al., 1987). It is therefore likely that 1-Methyl Naphthalene 
would be a better solvent to use in speculative forced convection experiments. This 
suggestion is supported by Gray and Halliday (1986) who found that 1-Methyl 
Naphthalene produced less woozing and wavering. 
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D.3: Total Internal Reflection Viewing Applied to Natural Convection 
The test plate shown in figure B.1.3.2, constructed from a long Per-
spex prism and a sheet of glass coated with sealant, was also used with iso-Pentyl 
Ethanoate to try to make mass transfer measurements on a naturally convecting 
system. The long Perspex prism was used as in natural convection it is desirable to 
study a substantial length of the test plate simultaneously, preferably including the 
leading edge in the field of view. Two difficulties were encountered with this setup: 
first, the natural convection fringes obtained were faint and easily confused with 
striations and imperfections in the sealant surface making it difficult to determine 
fringing rates manually (fig. D.3. 1), and secondly the swelling agent gradually pene-
trates into the Euparal adhesive that joins the prism to the glass, softening it over a 
period of days and causing air bubbles to appear in between the prism and the glass 
sheet. 
Although it should be possible to find suitable glues, there are more 
severe difficulties in improving the sealant surface: the imperfections are very slight 
and practically unavoidable when casting the surfaces by hand. As the principal 
advantage of the total internal geometry lies in the prevention of woozing and waver-
ing, which were expected to be much less of a problem in the gentler natural convec-
tion flows, it was decided to continue the natural convection work using the front-
viewing geometry, which could also more easily be extended to curved surfaces, 
rather than attempting to mechanise the casting process. Better results still might be 
obtained by using DC 734, subsequently identified as a suitable polymer for mass 
transfer work, and possibly by shot-blasting the face of the prism by which light 
enters it, rather than using a separate ground-glass diffuser. 
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Figure D.3.1: Fringe patterns obtained with natural convection in the total internal reflection geometry. 
Sealant swollen with iso-Pentyl Ethanoate, reference lines 50 mm apart. 
Left to right: no hologram; frozen fringe patterns at intervals of 10, 20 and 50 s respectively. 
Chapter E: Natural Convection from a Vertical Plate 
E.1: Introduction 
The vertical flat plate is a convenient physical situation in which to 
investigate the applicability of the chosen swelling agents and polymers to natural 
convection mass transfer measurement: as the plate is flat the interferometric fringes 
will be contours of equal mass transfer coefficient, and the case of natural convection 
from a flat vertical plate has been studied extensively for both the heat transfer and 
mass transfer cases. In practical terms, a flat plate is also simple to coat with polymer 
and can easily be mounted on the optical table. 
The relation, based on the early work of Lorenz, given by Jaluria 
(1980) for the local mass transfer at a distance x down a flat vertical plate in laminar 
flow 
Sh(x) = 0.411 44Sc 44Gr(x) 	 Int-14 
has already been introduced and used in chapter A to derive the formula for the 
correction of fringing rates to standard conditions A.3.5-10. Wilke et al. (1953) ob-
tained average values for the Sherwood number using both electrochemical and 




Lloyd et al. (1972a and b) and Moran and Lloyd (1975) were able to make local 
determinations using the electrochemical technique, finding good agreement between 
their measurements and an expression obtained from heat transfer data, namely 
Sh(x) = 0.499 Ra(x) 114 	 E.1-2 
The average Sherwood number for a vertical surface of length I is found to be 4/3 of 
the local Sherwood number a distance 1 down such a surface, i.e. 
Sh 1 =4I3Sh(l) 	 E.1-3 
(Jaluria, eq. 9.48, 1980); hence E.l - l and E.1-2 are in very close agreement as E.1-1 
is equivalent to 
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Sh(x) = 0.495 Ra(x) 114 
A more rigorous analysis by Squire, presented by Eckert (p.162, 1950), results in the 
expression 
Sh(x) = 0.508 Sc"2 (0.952 + Sc)''4 Gr(x)"4 	E. 1-4 
Grosse-Wilde and Uhlenbusch (1978) found the predictions of E. 1-4 compared 
favourably with data obtained using frozen fringe holographic interferometry to 
measure the rate of sublimation of Camphene and so the local Sherwood numbers. 
Presser (1972) made averaged mass transfer measurements in air using subliming 
solids, fitting the results to 
Sh=0.59Ra"4 	 E.1-5 
which, using E. 1-3, is equivalent to 
Sh(x) = 0.462 Ra(x) 1 ' 4 
This is reasonably close to the predictions of E. 1-4, which for Sc=2.6 becomes 
Sh(x) = 0.470 Ra(x) 114 
	
E.1-6 
In this work the experimental data will be compared with Int-14 and 
E. 1-4. Although even more sophisticated expressions have been proposed to corre-
late the heat or mass transfer from an "isothermal" vertical plate (Martin, 1984), they 
are inconveniently complicated, and in any case agree with Tnt- 14 to within 5% in 
the range of Sc of interest. 
Lloyd et al. (1972a) found the onset of transition from laminar to 
turbulent flow to occur at about Ra = 2x10' 1 . As the equivalent instability in heat 
transfer experiments is seen at Ra1 = 8x108 , they postulated that the transition to 
turbulence is not solely dependent on the Rayleigh number but is separately gov-
erned by the Schmidt or Prandtl number. This conclusion was supported by Masliyah 
and Nguyen (1975), who found the onset of instability to occur at Ra = 8x101° for 
Sc=225. In this work the highest value of the Rayleigh number, at the base of a flat 
plate swollen with iso-Pentyl Ethanoate, was only 2. lx 10 and the flows have been 
taken to be laminar. 
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E.2: Natural Convection Mass Transfer from a Flat Plate 
The difficulties in locating live fringes when using the total internal 
reflection geometry with natural convection led to the work being continued in the 
front-viewing geometry. Silicone sealant was applied to an aluminium test plate 
20 cm square which was then. supported by a kinematic mount; the optical system for 
holographic interferometry is shown in figure B. 1.1. Live fringes were analysed by 
scheme H from section B.2.2.2: sample results are given in Appendix 1.2. The same 
plate and analysis scheme were used for a couple of runs with the ESPI apparatus. 
Figure E. 1 shows holographic fringe patterns due to natural convection from 
a flat plate. The fringes nearer the top of the plate represent higher mass transfer 
coefficients than those further down the plate. Around the centreline of the plate they 
are straight and level, as would be expected. At the edges of the polymer coating the 
fringes dip downward, registering a sharp increase in the mass transfer coefficient at 
the edges of the plate. This is due to the entrainment of fresh air at the edges of the 
plate: this was also noted in the work of Grosse-Wilde and Uhlenbusch (1978). As 
the effects of entrainment are so visible it is easy to ensure that data is taken from an 
area of the plate where they are not present; this would not be possible if the field of 
view was restricted, as in the total internal reflection geometry. 
No noticeable wavering was seen in any of the flat plate work, but a 
very slow woozing effect (with a period of about 5 mm) was seen in some runs, with 
the fringes gradually slowing down and then speeding up again. A more significant 
problem was the production of spurious fringes for about a minute after each holo-
graphic exposure, which erroneously increased the fringing rate (Appendix 1.2). That 
these were not due to some mass transfer effect was shown by their occasional 
appearance on the uncoated regions at each side of the plate. Attempts were made to 
correct for this source of error by deliberately tilting the test plate. The amount of 
spurious fringing could then be found from the movement of the tilt fringes over the 
uncoated areas, and this could then be subtracted from that at the swollen polymer to 
obtain the true surface recession. However this scheme proved to be difficult to carry 
out, and required access to the test plate which tended to disturb the airflow. The 
results corresponding to the first 90 s of each run have therefore been discarded. This 
problem was not encountered in work using ESPI. 
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Figure E.l : 	Frozen fringe patterns due to natural convection of iso-Butyl iso-Butanoate from sealant coated flat plate 
20 cm square. Left: exposures 50 s apart; right: exposures 200 s apart. 
Black et al. (1985) anticipated difficulty in applying the swollen 
polymer technique to natural convection studies, stemming from the fact that it will 
take a finite amount of time before the convective flow pattern is established once the 
test object has been put into position. Black et al. found that natural convection flows 
in enclosures might not reach a steady state before the swollen polymer's constant 
rate period expired. However, such problems have not been observed in this work, 
where a single plate in a large room was being studied - although the situation is 
confused by the spurious fringes seen with the thermoplastic camera the flow seemed 
always to have reached a steady state by the time the hologram was ready for view-
ing, at least a minute after the test plate had been placed on its mounting. 
The results of natural convection mass transfer work will be sensitive 
to atmospheric changes: although Sparrow and Niethammer (1979) calculated that 
the effects of humidity changes on non-aqueous mass transfer should be negligible, 
the Grashof and Schmidt numbers are both dependent on ambient temperature and 
pressure. For easy comparison of results from different runs, the fringing rates were 
all corrected to standard conditions (298 K, 101 325 Pa) using A.3.5-l0. Table E.1 
shows the properties of different swelling agents at these reference conditions. 
Table E. 1: 	Properties of various swelling agents evaporating from a vertical plate 
into air at 298K, 101325 Pa 
Swelling Agent 	 Sc 	Gre, 	RaL  
at 20 cm down plate 
iso-Pentyl Ethanoate 2.55 8.1 	x 106 20.7 x 106 
iso-Butyl iso-Butanoate 2.72 7.0 19.0 
n-Pentyl Propanoate 2.74 5.0 13.8 
n-Nonane 2.76 6.4 17.7 
n-Decane 2.95 2.3 6.8 
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Figures E.2, E.3 and E.4 show the distributions of local Sherwood 
number, corrected to standard conditions, down the plate for iso-Pentyl Ethanoate, 
iso-Butyl iso-Butanoate and n-Nonane respectively, along with predictions from 
equations Int-14 (Jaluria, 1980) and E. 1-4 (Eckert, 1950). The results for iso-Pentyl 
Ethanoate and n-Nonane generally lie between the two theoretical curves, while 
those for iso-Butyl iso-B utanoate seem to agree slightly better with the predictions of 
Eckert (1950). There is a lot of scatter in the results, even after averaging over the 
observations for each run. This scatter is believed to be due to random air move-
ments: the darkroom used is not perfectly sealed from the outside world, and gusts 
and vibration can still affect the convecting flow. 
Figure E.3 includes the results obtained using the ESPI. These also have 
substantial scatter, which was expected as the instrument contains a substantial 
cooling fan which will produce a significant disturbance to the air in the room. No 
phenomenon such as the initial high holographic fringing rate was observed with the 
ESPI. 
Figure E.5 shows the results obtained with n-Decane, which is much 
less volatile than the previous solvents; there is even more scatter than for the pre-
vious substances, and the results are also generally much higher than the theoretical 
predictions. The results for different points on the plate during the same run have 
been linked by the thin lines to show how the scatter is due to non-reproducibility 
between different runs. This strengthens the suspicion that unpredictable environ-
mental influences are important, as runs made on days when substantial disturbances 
occurred will have mass transfer rates higher than expected. By the nature of the 
mass transfer process any background air movements may result in the removal of 
much extra solvent from the surface but never its replacement, so the resulting errors 
in Sh will tend to be positive. 
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Figure E.2: Distribution of transfer of iso-Pentyl Ethanoate from a flat plate 
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Figure E.3: Distribution of transfer of iso-B utyl iso-Butanoate from a flat plate 
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Figure E.4: Distribution of transfer of n-Nonane from a flat plate 
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Figure E.5: Distribution of transfer of n-Decane from a flat plate 
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Figure E.6 shows results obtained using n-Pentyl Propanoate with 
both holographic interferometry and ESPI. Both sets of results are much lower than 
would be expected; for the reasons mentioned above this cannot be due to spurious 
air movements. The most likely reason is that the values used for the vapour pressure 
are too high - although Stull (1947) lists the compound as n-Pentyl Propanoate in his 
correction, the original paper listed it as Pentyl iso-Propanoate. The values are there-
fore believed to actually refer to iso-Pentyl Propanoate, not only on the basis of the 
typographical error but also because the substance is listed as having a vapour pres-
sure of 101325 Pa at 160°C, which is the boiling point of iso-Pentyl Propanoate, 
rather than 168°C, the boiling point of n-Pentyl Propanoate (CRC Handbook, 1993). 
In principle it should be possible to estimate the vapour pressure of n-Pentyl Pro-
panoate from the natural convection results, but in practice the scatter from back-
ground air movements would here be too great: the ESPI results are consistent with a 
vapour pressure of about 260 Pa at 25°C while those obtained from holographic 
interferometry suggest a value of only 180 Pa at 25°C (compared with a literature 
value of 395 Pa (Ohe, 1976)). 
Figure E.7 shows a plot of uncorrected Sh against Ra on natural 
logarithmic axes, for the three more volatile solvents. The substantial scatter in the 
results is obvious. The predictions of Int-14 are shown on the plot along with the 
results of a least squares fit to the data by Microsoft Excel v5, this takes the form 
Sh(x) = 0.46±0.04 Ra (x)025±0.03 	E.2-1 
which is close to equation E.14 presented by Eckert (1950), which at Sc = 2.75 is 
equivalent to 
Sh(x) = 0.471 Ra(x) °25 	 E.2-2 
and is also in very close agreement with the experimental results of Presser (1972). 
1 . This hypothesis has since been found to be supported by the ESDU (1980) data 
compilation, which gives values of 266 and 390 Pa for the vapour pressures at 25°C 
of n-Pentyl Propanoate and iso-Pentyl Propanoate respectively. 
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Natural Convection From Vertical Plate 
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Figure E.6: Distribution of transfer of n-Pentyl Propanoate from a flat plate 
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Figure E.7: In-In plot showing mass transfer as function of Ra 
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E.3: Conclusions 
The swollen polymer technique has been successfully adapted to the 
measurement of local mass transfer coefficients in natural convection from a flat 
vertical plate. The results show much scatter, but this is believed to be due to exter-
nal disturbances to the flow and not an intrinsic difficulty with the technique - any 
other mass (or heat) transfer measurement technique used at such low Rayleigh 
numbers in an imperfectly sealed environment would encounter the same difficulties. 
The results do broadly agree with the theoretical predictions given by Eckert (1950) 
and confirm that S/i oc  Ra 114, as was assumed in the derivation of A.3.5-10. 
One possible way to reduce the scatter would be to use more volatile 
swelling agents which would produce more vigorous flows less likely to be affected 
by background air movements. Such solvents, however, are likely to produce eva-
porative cooling. It would also be possible to perform the experiments in a smaller, 
completely sealed container, but the concentration of the swelling agent could then 
become significant. The latter problem could be avoided by using a layer of initially 
unswollen polymer on another wall of the container to absorb solvent vapour - this 
would correspond to a heat-sink in the case of heat transfer between hot and cold 
walls. Other problems are, however, anticipated in this case; Black et al. (1985) 
discuss the limitations of applying mass transfer techniques in enclosures. A more 
fundamental problem lies in the spurious fringes generated by the thermoplastic 
camera during the first minute or so after the holographic exposure. To surmount this 
requires either that results obtained during that period are discarded or that frozen 
fringe interferometry or ESPI are used instead. 
One advantage of using the swollen polymer technique with optical 
methods of measuring the surface recession is that the distribution of the mass trans-
fer coefficient over the whole surface is obtained. It is then possible to monitor 
secondary effects, such as the entrainment of air at the sides of the plate. Although 
this ability has been used here only to ensure that the results obtained are not affected 
by entrainment, it is possible to study this phenomenon directly. The only other work 
on the effects of the plate edges on heat or mass transfer appears to be that by Spar -
row and Azevedo (1985), who examined the effects of free and baffled sides on the 
overall heat transfer from isothermal plates of different widths to water. 
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It would also be possible to use larger plates to investigate instability 
and the transition to turbulence. However, a difficulty with using longer plates is that 
they must also be made wider to avoid edge effects. One way to avoid this is to 
change to a geometry without side edges; that is, a vertical cylinder. The extension 
of the swollen polymer technique to a curved surface will be described in the next 
chapter. 
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Chapter F: Natural Convection from Vertical Rods 
F.1: Introduction 
Past workers using optical methods of measurement in conjunction 
with the swollen polymer technique, have concentrated on test objects that are in 
essence flat plates. Notable exceptions include Clark and Grey (1975), who attemp-
ted to use a total internal reflection arrangement to measure mass transfer from the 
outside of a cylinder in cross-flow, and Butcher et al. (1984) who looked at the mass 
transfer from the inside of a tube by total internal reflection. Both these workers were 
able to arrange their optical systems so that the test surface was illuminated in a 
plane containing its axis. The illuminated portion of the surface was then treated as 
having a constant geometrical factor C relating the fringe order with the surface 
recession, like a flat plate. 
It was hoped in this project eventually to apply the swollen polymer 
method to a rod cluster (modelling a nuclear fuel element assembly of interest to the 
UK AEA), for which a single vertical cylinder provides a useful preliminary simpli-
fication. A single round rod also promised to be a convenient test body for funda-
mental natural convection studies, as it is simple to apply an even polymer coating by 
spinning it in a lathe, and a long rod will be much easier to handle, especially once 
swollen, than a large flat plate. The low diameter to length ratio of the rods of interest 
to the UK AEA and the need to mount the rod vertical suggested that the front-view-
ing geometry would be more appropriate, as the optical system could stay on the 
level table while the test object was moved up and down past it. This work was there-
fore split into two stages: a short rod fixed directly to the optical table was used to 
develop the coating technique and demonstrate the application of holographic inter-
ferometry and ESPI to such artefacts, while the extension of the coating technique 
and the mounting and holographic study of larger objects were investigated with a 
longer rod. 
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F.2: Interferometric Measurements on a Short Rod 
In order to demonstrate the effectiveness of the silicone coating tech-
nique for rods and check the form of the geometrical factor C derived in Appendix 2, 
experiments were first carried out on short cylinders, about 25cm long and of 32mm 
diameter. The details of the coating method were given in chapter C.2; after soaking 
the rods were attached directly to the tapped mounting holes in the surface of the 
optical table. The holographic layout was identical to that used for the front-viewing 
experiments on the flat plate, except that the plate had been replaced by a vertical 
rod, and a cylindrical lens was added to the object illumination beam to make more 
efficient use of the available light. 
Although on a flat plate the interferometric fringes represent contours 
of equal mass transfer coefficient, on a curved surface they do not, making it much 
more difficult to predict the expected shape of the fringes. A computer program was 
therefore written that generates simulations of the expected fringe patterns, which 
may then be compared with those observed during an experiment so that any unex-
pected behaviour of the fringes, such as that shown in figure F.3.6, can be identified 
immediately. The program operates by using a predicted value of the mass transfer 
coefficient at a given point to calculate the recession of the polymer surface there at 
any time during the experimental run, and hence whether that point is currently in a 
light or a dark fringe. Further details are given Appendix 7.1 
Figure F.2.1 shows frozen fringes due to natural convection mass 
transfer of iso-Pentyl Ethanoate from a sealant-coated rod aligned so that the furrows 
in the silicone surface (shown in figure C.2.5) are at the sides. The fringes are indis-
tinct and even the rod itself cannot be clearly seen. Figure F.2.2 shows fringes on 
rods coated instead with DC 734: the arched shape of the fringes can now be distin-
guished. A simulation (Appendix 7.1) of one of the patterns in figure F.2.2 is shown 
in figure F.2.3; it should be noted that the simulation represents the entire rod, and so 
includes the base and sides, which aren't visible in the photographs. The cusps of the 
fringes do not lie on the centreline of the rod, but toward the side from which the 
cylinder is illuminated. The shapes of the predicted and experimental fringes are very 
similar, confirming the validity of expression App2-4 for the geometrical constant, 
derived in Appendix 2.2. 
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Figure F.2. I: Fringe patterns obtained with natural convection from a sealant coated 
rod swollen with iso-Pentyl Ethanoate. 
Frozen fringes with separations of (left) lOs and (right) 20 s. 
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Figure F.2.2: Fringe patterns obtained with natural convection from a DC 734 
coated rod swollen with iso-Pentyl Ethanoate. 
Frozen fringes with separations of (left) lOs and (right) 50 s. 
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Figure F.2.3: Simulated pattern of fringes due to natural convection from a rod. 
Swelling agent: iso-Pentyl Ethanoate. 
Frozen fringes with separation of 50 s (as F.2.2.right). 
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The value of the mass transfer coefficient from a cylinder is expected 
to lie within 5% of that for a flat plate as long as 
dli ~! 35 Gr 114 
	
F.2-1 
(Jaluria, 1980). Attempts were made to analyse holographic live fringe patterns in the 
same fashion as for the flat plate but the fringe patterns were found to fade from view 
within a couple of minutes. This means that results can only be obtained soon after 
development, during the period where the work on the flat plate revealed that spur-
ious fringes were being generated by the thermoplastic camera. Figure F.2.4 shows 
the results obtained for a vertical rod swollen with iso-Butyl iso-Butanoate using 
holographic interferometry for three runs in which the fringes persisted for longer 
and were observed to slow down. The results here agree with the theoretical predic-
tion within the scatter found in the flat plate experiments. The fringing rates were 
found along the line of the cusps of the fringes, as the position of this line round the 
rod is known from the optical geometry (i.e., 0 =0, Appendix 2.2). 
The reason for the fringe fading on the rod is that the fringes are much 
more closely spaced than in the case of the flat plate, making them difficult to see 
among the laser speckle; this is exacerbated by the difficulty of illuminating the rod 
evenly (the intensity of a laser beam decreases away from the axis, while the shape of 
the rod naturally reflects the light at the sides away from the viewing direction). The 
sharp curve of the fringes also tends to make it harder to follow their motion. 
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F.3: Interferometric Measurements on a Long Rod 
The measurement of mass transfer from large objects requires not 
only that they can be coated with silicone rubber, but, for natural convection, also 
that the holographic system can be made to easily examine selected limited regions 
of the test surface: this is to ensure that the exposure time with a given amount of 
laser power is short enough to prevent blurring of the hologram by the continual 
shrinking of the polymer layer. 
The coating of the long cylinder was simply done by applying the 
DC 734 silicone rubber in sections; the rubber from neighbouring regions would flow 
together to form a smooth join. To allow the examination of different parts of the 
rod, it was mounted off the edge of the optical table in a frame that allowed it to be 
moved vertically up and down, bringing different stations along the rod level with the 
holographic layout. The mounting frame was based on two 2 m lengths of Dexion 
345 steel channel mounted vertically 400 mm apart at the end of the optical table. As 
these were prone to vibration, two 500 by 150 mm sheets of fibreboard were bolted 
across them at the top to form a closed section which enhanced rigidity and provided 
substantial damping. The cylinder was supported between the centres of two 
10 mm square crossbars, the ends of which were held 300 mm away from the vertical 
channels by lengths of angle-iron to prevent the edge of the optical table from inter-
fering with the flow, figure F.3. 1. The long rod itself was made from a thick walled 
aluminium alloy tube 930 mm long and 32 mm o.d., coated with silicone polymer as 
described in section C.2. A tapped plug fitted into the lower end was bolted directly 
to the lower crossbar to hold the lower end. Another plug in the top end was attached 
to the upper crossbar by a 120 mm length of M6 threaded steel rod (figure F.3.2). 
Different points along the rod were examined by changing the position of the rod 
relative to the optical system. This was done by moving the angle-iron extension 
brackets up or down along the vertical channel. 
Figure F.3.3 shows the fringe patterns at the top of the rod - they have 
the same shape as those on the shorter rod. Figure F.3.4 shows the fringes just below 
this: here they appear as lines essentially parallel to the rod axis that are seen to 
gradually move together. One of the joins in the silicone coating can just be seen 
about a third of the way up the lower segment: the fringes are barely affected. Figure 






Figure F.3. 1: View of long rod in mounting frame. 
As in the case of the short rod, the fringes on the long rod were gener-
ally of very poor quality and difficult to analyse: as well as the fringes soon crowding 
together, wavering effects were much more noticeable, especially further down the 
rod. These took two forms: firstly, many small, random movements across the whole 
field of view, similar in appearance to heat haze, and secondly the movement of 
large-scale features through the fringe pattern. These features took the form of one or 
more loops of fringes that pushed rapidly through the fringe pattern, pushing the 
fringes apart ahead of them and then pulling them back together. One such feature 
can be seen at the bottom left of F.3.5.a; instead of a series of vertical fringes a dark 
area surrounded by a bright fringe can be seen. These features appear to be regions of 
gas with a different refractive index to the surrounding fluid estimated to be travel-
ling at about 1 m s 1 . They did not appear at regular intervals, suggesting that they are 
not due to some sort of vortex shedding effect. On several occasion these features 
were seen to run past the end of the rubber, producing rings of fringes over the 
uncoated lower end of the cylinder. 
Figure F.3.2: Cross-section view of long rod 
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Figure F.3.3: Fringe patterns seen at top of long rod in natural convection. 
Swelling agent: iso-Pentyl Ethanoate. Reference marks 55 mm apart. 
Frozen fringes with separation of 10 s and 30s. 
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Figure F.3.4: Frozen fringes with separatIon ol 3()s seen lower on long rod during 
natural convection of iso-Pentyl Ethanoate. 
Reference marks 55 mm apart, top one is 110mm below leading edge. 
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Figure F.3.5: Fringe patterns seen at base of long rod in natural convection. 
Swelling agent: iso-Pentyl Ethanoate. 
Reference marks 55 mm apart, top one is 700 mm below leading edge 
Frozen fringes with separation of (a) 50 s and (b) I OOs. 
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Another problem encountered in work on the long rod was that during 
some experiments the fringe pattern would start to tilt to one side and eventually a 
new set of fringes would appear, which were open at the top rather than the bottom 
(fig F.3.6). This was felt to be some sort of mechanical effect and various changes 
were made to the original mounting to try to reduce it. 
The original mounting is shown in figure F.3.7. The rod was initially 
held between, and in the same plane as, the vertical supports, but since it was then 
very close to the edge of the optical table the horizontal brackets were added to hold 
the rod at least 30 cm away from the table edge. The upper crossbar secured the top 
of the rod with a plastic plug that was a push fit into the vertical tube, but this was 
felt to be interfering with the flow at the top of the coated rod, and so a length of steel 
studding was used to connect the plug in the top of the rod to the crossbar. The plas-
tic plugs were found to be affected by the solvents, which made them swell, moving 
the rod; they were therefore replaced by metal plugs. None of these measures seemed 
to have any impact on the formation of these spurious fringes; limited success was 
had by ensuring that when the nuts on the studding were tightened as the test rod 
being fixed in the mounting the rod was pulled slightly into tension. The successful 
design of a mounting system for such rods is hampered by the need to insert the rod 
into position as quickly as possible, as otherwise the losses of solvent during this 
process will drastically reduce the time available for experiment, before the constant 
rate period expires. One possibility would be to replace the lower plug with a ball 
bearing, and hold the rod at the top by clamping an extension into the gap between 
two ball bearings, figure F.3.8. 
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Figure F.3.6 : Distortion of natural convection mass transfer fringe pattern by postulated mechanical creep. 
Left: normal mass transfer fringes. Centre: Pattern tilts. Right: Inverted pattern appears. 
Vertical 
Supports 
Figure F.3.7: Original long rod mount 
Extension Piece 




Figure F.3.8: Suggested alternative method for mounting rod. 
BB is a ball bearing 
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F.4: Summary 
A swollen polymer coating has been shown to generate useful natural-
ly convecting flows from both flat plates and curved surfaces. Measurement of the 
mass transfer coefficient by interferometric means over flat plates has proved relat-
ively straightforward and over round rods it has had limited success. With round rods 
initially clear, distinct on-line holographic fringes have been obtained, which are of 
the predicted shape (Appendix 2). The analysis of these fringes, which is naturally 
more difficult owing to the curve of the surface, has been hampered by the fact that 
the initial fringing rates seen with the Newport thermoplastic holocamera are unreli-
able, and that subsequently the fringes become so tightly packed that they cannot be 
distinguished because of wavering and speckle effects. The spurious fringing pro-
blem may be avoided by using ESPI or another measurement technique, while the 
fringe crowding would be less of a problem with an automated fringe analysis system 
such as that detailed in Appendix 7.2 
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Chapter G: Liquid Crystal Thermography 
G.1: Introduction 
G. 1.1: Rationale 
As explained earlier, the immediate impulse for the extension of the 
swollen polymer technique into natural convection arose from UKAEA's need to 
predict temperatures and gas flows in a nuclear fuel cluster under certain natural and 
mixed convection situations. It was originally hoped to apply the swollen polymer 
technique, adapted for natural convection measurement, directly to this practical 
problem. In anticipation of this, direct measurements of temperature distributions 
were made at AEA's Windscale works on dummy fuel rod assemblies which had 
been constructed there. These were heated electrically and cooled by natural convec-
tion in air; it being intended that these measurements made with liquid crystals and 
thermocouples would be compared with mass transfer analogue results from a cold 
model of the same configuration. 
This chapter describes these experiments with the heated model fuel 
elements. This work has highlighted the difficulties and limitations of direct approa-
ches to the thermal problem, and indicates the prospective advantages of using a 
mass-transfer analogue. Unfortunately, time did not allow development of the swol-
len polymer technique to the point where it could be tested in this particular applica-
tion. 
G.1.2: Background 
The fuel in an Advanced Gas-Cooled Reactor (AGR) is contained in 
stainless steel fuel cans about a metre long and 14.5mm diameter. These are suppor -
ted by stainless steel support grids, each holding 36 cans arranged in 3 concentric 
rings, figure G. 1.1. The complete assembly of 36 cans, support grids, braces and gra-
phite sleeve is known as a fuel element. For insertion into the reactor, groups of 7 
elements are formed into fuel stringers by being threaded (not necessarily in the same 
orientation) on to a tiebar - a stainless steel rod about 8m long and 5mm diameter. 
The bottom element is attached to the tiebar, and the others are free to move along it, 
rather like beads on a string. While the stringer is being loaded or unloaded the tiebar 
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takes the entire weight of the fuel elements, but in normal operation the bottom 
element sits on a support within the core and the tiebar hangs down loosely within 
the cluster. 
Even under normal conditions the coolant gas in the reactor circulates 
at very high speeds - around 50 in s 1 . Under these circumstances the slack tiebar 
would whip about, damaging itself on the braces and ribbed fuel cans which in turn 
could lead to a catastrophic failure while removing the fuel. To prevent this, a thin-
walled stainless steel tube 15.5 mm in diameter is inserted along the axis of each fuel 
element to constrain the tiebar. 
For economic operation of an AGR power station it is necessary to 
refuel under load; that is, without powering down the reactor. To accomplish this, 
special equipment, the charge handling machine, is used, which pulls one stringer 
from the core at a time, and then replaces it with another. As the old stringer is being 
removed it is cooled by a downflow of gas from the charge handling machine. This 
flow is in the opposite direction both to the normal circulation of the reactor core and 
to the natural convection from the hot fuel cans. According to AEA's own software 
code HOTWOLF, if the fuel stringer were to jam whilst part way out of the core, or 
if there were problems with the coolant supply, a situation could arise where the two 
flows cancel each other out, resulting in stagnant coolant and hotspots forming along 
the tiebar, leading to thermally-induced failure (Blundell, 1992). 
HOTWOLF, however, only deals with a very simple model of the 
stringer and cannot predict certain other possibilities, most notably that of natural 
convection cells forming within the stringer and providing some degree of cooling. 
Exploring these possibilities requires either the use of a more specialised computer 
program or some practical work. Accordingly, two possible experimental approaches 
have been considered. During the author's placement as a CASE award holder at 
AEA Technology's Windscale Works liquid crystal thermography was applied to a 
model of a fuel element. This was a follow-up to previous liquid crystal work on 
single heated vertical rods done on AEA' s behalf at Nottingham Trent University. It 
had originally been hoped to also apply the swollen polymer technique to a model 
fuel cluster, but the various difficulties encountered in the development of this, de-
scribed above, meant that in the time available this had to be limited to the simplified 
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Figure G. 1.1: Structure of Nuclear Fuel Stringer 
G.1.3: Previous work at Nottingham 
Some previous work was done at Nottingham Trent University on 
natural convection from a heated guide tube, both in free space and in an annulus 
(Ashforth-Frost 1992 & 1993). In that work the guide tube was coated with liquid 
crystals and heated by passing an electrical current across it, and temperature distri-
butions obtained for different electrical powers, from which axial Nusselt number 
distributions were then derived. 
With the tube suspended in free space, measurements were made 
using liquid crystals with a bandwidth of 3°C starting at 65°C and also with a second 
formulation with a bandwidth of 5°C starting at 100.7°C. Measurements were also 
made with the guide tube enclosed in a glass cylinder of 10 cm internal diameter. 
Only the lower temperature formulation was used with this configuration, but as well 
as natural convection experiments, measurements were also made whilst applying a 
forced upflow or downflow of air to the annular channel between guide tube and 
cylinder. It should be noted that this work was done using constant heat flux condi-
tions, and so the work is not strictly comparable to that in Chapter F, for which the 
boundary condition corresponds to a constant wall temperature. 
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G. 1.4: Work carried out at Windscale 
The work done at Windscale was essentially split into two main parts: 
construction and use of a simplified model fuel element, here designated the 'Liquid 
Crystal Cluster,' to take readings of temperature distributions using both thermocou-
ples and the liquid crystal technique; and using a complete model element upon 
which the liquid crystal technique could not, be used, hence referred to as the 'Full 
Cluster', to check that the simplifications made in the first apparatus gave a reason-
able representation of the temperature distribution in the actual reactor. As there 
should be no significant heat flux through the guide tube wall the work was restricted 
to the determination of temperature distributions rather than heat transfer measure-
ment. 
The first part involved the selection of a set of six evenly matched fuel 
cans, design and construction of the experimental rig, the connection of all the ther-
mocouple outputs to an Orion data-logging computer system, and finally carrying out 
the experimental runs. The guide tube was that used at Nottingham, to which had 
been applied a fresh liquid crystal coating before despatch. The temperature distribu-
tion along the guide tube was recorded, using both liquid crystals and thermocouples, 
for different electrical powers applied to the fuel cans under natural convection 
conditions (no applied flow). The effects of a forced downdraught were also briefly 
examined. 
The second part of the work used an existing piece of apparatus, 
namely a full set of 36 cans enclosed in a metal tube complete with thermocouples 
and electrical power connections. The steel outer casing and can layout prevented 
optical access to the guide tube in this model, so liquid crystals could not be used; 
and the only modification necessary was the installation of thermocouples into the 
(uncoated) centre tube. Again, all the thermocouples were read automatically and the 
data sent directly to a PC and stored on disk. For each run, the electrical current 
through the inner ring of cans was kept constant, whilst that through the outer two 
rings was increased to measure the effect of the outer rings on the temperature distri-
bution along the guide tube, under natural convection conditions. 
In both these cases the guide tube was unheated and the heat flux into 
it in steady flow assumed to be zero. This means that there is no Nusselt number that 
can be compared with the Nottingham work. This is not a problem as in the real 
situation being investigated (and many others) it is the temperature distribution that is 
of primary interest. 
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G.2: Liquid Crystal Cluster 
G.2.1: Apparatus 
The model element used for the liquid crystal thermography work 
consisted of six unused fuel cans (that had been selected for uniformity of overall 
electrical resistance) arranged vertically in the inner ring of a full AGR support grid 
(at their bottom ends) and held at the top by a simplified grid or brace consisting of 
only the inner ring, keeping the can centres at 600  intervals on a circle of 23.2mm 
radius. The grid designs included gaps between the cans to allow a flow of air 
through the grids. The cans were 14.5 mm dia. and 1064mm long, with transverse 
fins about 0.5mm high and 0.5mm thick on a 2mm spacing. Each can had four 
thermocouples welded to the inside at two planes, 310 and 720 mm from the top of 
the support grid. Three cans also had one thermocouple 100 mm up, while the other 
three had one 1030 mm up, i.e. just below the top brace. Electrical connection to the 
cans was by copper plugs which were a tight push fit into the cans, with a long threa-
ded section on the lower connectors which passed through Tufnol insulating bushes 
in the support grid, keeping it electrically isolated. The thermocouple leads were 
passed out through the lower power connectors (fig. G.2.1). 
The upper metal brace kept the tops of all the cans at the same electri-
cal potential. The bottom ends of each of the two sets of three adjacent cans were 
connected together with copper bus bars, so that the current flowed up the three cans 
on one side of the tube and down the others. The cans selected had resistances of 
between 0.0645 and 0.0652U at room temperature, and were arranged in the ring to 
provide the most even heating possible. The main cables from the transformer-rectif -
ier were bolted to the bus bars with a 0.00 1592 shunt on the negative side; all floating 
relative to earth. The voltages VA  across the shunt (to give current) and V across the 
rig were measured by the data logger. All electrical contacts were cleaned with wire 
wool before use. The transformer provided up to 200A d.c. at 20V from a three-
phase 415V a.c. supply. A wiring diagram is given as figure G.2.2. 
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Figure G.2. 1: Liquid Crystal Cluster. 
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The cans were surrounded by a Pyrex tube of 100mm internal dia-
meter with walls 10mm thick, which extended well past the top of the element. The 
temperature of the air stream at the top of the tube was measured by a piece of twin 
core thermocouple wire stretched across the top of the tube, with the conductors 
stripped of insulation and twisted together in the region of the tube axis. 
The airflow temperature at the bottom of tube was measured by a 
thermocouple hanging in amongst the wiring at the base, and the ambient tempera-
ture in the lab was measured by another thermocouple in between the rigs. All the 
thermocouples were from type K (chromel-alumel) wire, from two reels from the 
same manufacturer. The thermo-junctions inside tubes were made by spot-welding 
both conductors to the same point on the inside wall, whereas those outside simply 
had both conductors twisted together. 
The guide tube was a smooth thin-walled stainless steel tube of 
15.5mm outside diameter 1220mm long, with the lowest plane of four thermocouples 
4" from its bottom end and the others at successive intervals of 8". The tube passed 
through a Tufnol liner at the top grid, keeping it electrically isolated. Unfortunately a 
dent at the upper end meant that the extra length could not project above the cans, so 
the lower end of the guide tube extended 145 mm below the support grid. This resul-
ted in the lowest thermocouples being 1.8 mm below the top of the grid. The others 
were 184.8, 388.0, 591.2,794.4 and 997.6 mm above the support grid. This tube had 
been used in the work at Nottingham (Ashforth-Frost, 1992/1993) and had been 
coated with an encapsulated liquid crystal formulation over a matte black water-
soluble paint, which turned red, orange, yellow, green, turquoise and deep blue at 
65°C, 65.4°C, 66°C, 67.2°C and 70°C respectively, and finally went clear at 87°C. 
The position of the coloured bands on the guide tube was measured 
with a tape measure attached to the outside of the glass tube. This tube was set verti-
cal with the aid of a spirit level and clamped from the sides, its weight being taken by 
the lower grid which was in turn supported by a pair of Tufnol rings. The tape 
measure was sighted along one edge of a rectangular sheet of cardboard to reduce 
parallax errors. 
All the thermocouples and the voltages across the shunt and rig were 
read by an Orion datalogger from Schiumberger. This can read up to 120 channels, 
10 every second, and can save the results to tape or printer, or send them to a remote 
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PC. Automatic cold junction compensation is provided and the system can be set to 
check for overheating or other hazardous conditions and trip an alarm. 
The whole rig was kept in a darkened room, partly to prevent daylight 
damaging the liquid crystals and also because stray light reduces the contrast of the 
coloured bands. Natural convection data were taken by passing a current through the 
cans and allowing the flow to reach a steady state (about half an hour). The tube was 
then illuminated with a 500W tungsten-halogen lamp and the positions of the 
coloured bands were recorded three times at three minute intervals. Between readings 
the tube was shaded from the lamp to prevent it being heated by radiation, and reduce 
UV damage. The data-logger was triggered to record all the thermocouple and volt-
age data each time the liquid crystals were read, which should have produced three 
sets of readings for each applied power level. Unfortunately problems were encoun-
tered in recovering this data from tape, so generally only one complete set is avail-
able. 
For the forced convection run the same apparatus was used, but a 
downdraught was provided by attaching, to the top of the glass tube, a 6" dia. tube 
made from polythene sheet fed from the building compressed air supply via a valve 
and rotameter. The thermocouple readings were sent directly to the computer, avoi-





Figure G.2.2: Wiring Diagram for Liquid Crystal Cluster 
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G.2.2: Natural convection results 
When an electric current was passed through the cans, the rig was 
heated up and the liquid crystals changed colour to show the temperature at the 
surface of the guide tube, figure G.2.3. Figure G.2.4 shows temperature distribution 
plots for applied currents of 18, 21 , 25 and 29 A per can (corresponding to overall 
Grashof numbers of 5, 6, 8 and 11 x105 respectively, based on the hydraulic dia-
meter). There is clearly a major discrepancy between the two methods of temperature 
measurement: there are differences of as much as 10°C in the 60-80°C temperature 
region, and the liquid crystal and thermocouple graphs appear to curve in opposite 
directions at the two lower Grashof numbers. 
This is presumably a real effect since there is no current through the 
guide tube, so d.c. pickup on the thermocouples is not an issue. The most likely 
cause, as the guide tube ends are open (as in the real cluster, but unlike the Notting-
ham work), is a flow of air up the guide tube cooling it from inside. The combined 
thermal resistance of the crystal layer, paint and tube may then be enough to sustain 
the high thermal gradients implied by the results. Thermal radiation may also be an 
important effect: it was found that illuminating the guide tube with the spotlight 
would soon cause a visible shift in the position of the coloured bands - hence the 




Figure G. 	Temperature gradient on guide tube shown by liquid crystal 
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G.2.3: Forced convection results 
A steady state was achieved for two different applied flow rates using 
the same heating current, and the results for these are shown in figure G.2.5. Unfor-
tunately the crystal coating over the upper half of the guide tube had been damaged 
by overheating during the natural convection work, causing a severe loss of contrast, 
so it is not known if the end of the blue band in the Re=320 run was genuinely indica-
ting 87°C or whether it was just an illusion caused by the loss of colour - the rest of 
the liquid crystal data largely agree with the thermocouples. 
The relative strengths of the buoyancy and forced flow effects can be 
quantified by Gr/Re2 (Jaluria 1980, p.30). For flows with Reynolds numbers of 320 
and 290, GrIRe2  was 5 and 6 respectively. Unfortunately the Nottingham work had a 
Gr/Re2  of 0. 15, so the results are not truly comparable. It appears that the case of a 
single heated tube in a situation with relatively weaker buoyancy forces has a much 
more complex flow structure (Ashforth-Frost, 1993). 
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G.3: Full Cluster 
G.3.1: Apparatus 
The model complete fuel element used here had been constructed at 
Windscale for an earlier project but not used. It consisted of 36 fuel cans and a guide 
tube on an actual support grid, encased in a steel tube. The cans had the same ribbed 
surface finish as above and had electrical connectors attached top and bottom, pass-
ing through insulating bushes in the metal support grid. The cans had extra support 
from ceramic braces 48 cm and 93 cm up. The inner ring of six cans had centres 
spaced at 600  on a circle 23.2mm radius; the middle ring of 12 cans were 30° apart 
with a radius of 47.75mm and the outer ring (18) cans were 20° apart on a circle of 
73.28mm radius. The cans were 1064mm long. Half the cans had a thermocouple 
45mm from the top. One of the inner ring cans had two extra thermocouples, 68 and 
104 mm down, whilst one of the outer cans had three extra thermocouples 95, 116 
and 126 mm down. The thermocouples were simply welded to the outside of the can 
and the leads taken out through the top of the apparatus. 
Adjacent pairs of cans in the same ring were electrically connected at 
the top by lengths of cable bolted to bulky power connectors. The pairs were then 
connected at the bottom by pairs of longer (about 50 cm) leads so that all the cans in 
each ring were connected in series. The number and size of the power leads at the 
base of the column meant that the airflow into the tube was badly disrupted: short 
leads and slim connectors would have been preferred, but were not available. A 
0.00 1 5K2 shunt was put in on the negative side of each ring, and the voltage and 
current through each ring measured. The outer and middle rings were connected in 
series and powered by one transformer while the inner ring was powered by a separ-
ate transformer, figure G.3. 1. 
The outer cylinder was of mild steel 177.8mm i.d. and 6mm wall 
thickness along its main part, and 203mm i.d. for 340mm above the top brace. The 
top end had a flat cover with a central hole 140mm diameter. Entry, exit and ambient 
air temperatures were taken in the same manner as for the liquid crystal rig, all the 
thermocouples again being type K and read by the Orion, but all data were sent dir-
ectly to the PC to avoid the data loss problem mentioned in section G.2. 1. 
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The guide tube was again a smooth thin-walled stainless steel tube 
15.5mm dia. and about 1200mm long, with thermocouples spot-welded to the inside 
240, 632, 783, and 1019 mm above the top of the support grid, figure G.3.2. The 
leads were taken out through the base of the rig. There was no provision for forced 
flow operation of this rig. 
The data run consisted of setting the appropriate currents through the 
rings, giving the rig half an hour to settle and then taking three sets of readings in 
rapid succession. This was generally found to be sufficient as, although the results 
are presented in terms of varying the power on the outer rings for a fixed current 
through the inner, the readings were taken in a mixed order such that the total power 
in the cluster was steadily falling; the first reading being given extra time to reach a 
steady state. 
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Figure G.3.2: Diagram of Full Cluster 
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G.3.2: Results 
The results from the full cluster natural convection work are given in 
figures G.3.3. Because of the power requirements of 36 pins, this work was done 
only at Gr, ranging between 1 and 2 x10 5 , lower Grashof numbers than the natural 
convection work above. As both models were to the same scale, probably the best 
measure of comparison is the current passing through a single can. This was varied 
between 18 and 29 A in the liquid  crystal work, and 7 and 21 A through the inner 
ring tubes here. 
As can be seen from the graphs, extra heating by the outer rings of 
tubes doesn't appear to change substantially the form of the temperature distribution. 
An interesting point is that as more power is put into the element the temperature in 
the lower part falls. This is presumably due to an increase in draught caused by 
heating the outer rings, leading to increased cooling by convection. 
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G.4: Conclusions 
The major problems found with the application of the liquid crystal 
technique were concerned with accurately determining the positions of the coloured 
bands. Firstly there is a continuous spectrum of colours to choose, rather than a fixed 
set of shades, and this combined with the simplistic method of measurement used 
makes it very easy to simply pick the same number as last time when repeating a 
measurement. The ideal system would probably combine a travelling telescope with 
some form of reference spectrum. -- 
This would still not solve the problem found in natural convection, 
where the temperatures found by the two methods differ significantly. More work is 
clearly needed to identify the source of the discrepancy; this should include the use 
of a liquid crystal coating of somewhat higher bandwidth, and the use of a guide tube 
with sealed, rather than open, ends. It might also be interesting to try some sort of 
flow visualisation, and to try a few runs in which the conditions in the apparatus are 
identical but the liquid crystal data is collected by different people, to try to gauge 
how dependent the colour band position is on individual interpretation. Any further 
work should also employ an alternative illumination system, to prevent heating of the 
apparatus and damage to the liquid crystals by exposure to ultra-violet radiation. One 
possibility is the provision of a water bath between the light source and the cluster. 
Guide tube temperatures of over 150°C should also be avoided. 
The forced flow work showed reasonable agreement between the 
liquid crystals and thermocouples, but with very little data. Again, more work is 
needed, preferably with higher applied flow rates to get Gr / Re  down to 0.15 for 
comparison with the results from Nottingham and with applied upward flows as well 
as opposing flows. 
The limited data from the full cluster rig suggests that the inner ring 
only can act as a reasonable model of the full case, at least under natural convection 
conditions, as the effect of removing the heating from the outer rings produces a 
similar effect at each power level. Also, the plot in figure G.3.3c representing the 
temperature distribution obtained in the liquid crystal rig under analogous heating 
conditions is approximately where one would have expected from figs. G.3.3a and b. 
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The direct application of the results from both rigs to the actual case is 
limited, as the power connectors on the ends of the cans would seriously affect air 
flows at the base and top of the model elements. It should, however, be pointed out 
that in the real cluster the successive elements are randomly orientated around the tie 
rod, so substantial end effects, in the sense of restrictions to the air flow, are still pre-
sent as the fuel rods in one element won't necessarily be in line with those in the 
next. 
Chapter H: Investigation of Water Swollen Systems 
H.!: Introduction 
The advantages of water based mass transfer systems were mentioned 
in section A.2.5: water vapour has a Schmidt number of 0.6 in air which is close to 
0.72, the Prandtl number of air; water is also safe, cheap and easily available. As the 
density of water vapour is less than two-thirds that of air it will give rise to an 
upward natural convection flow, although this will be feeble in comparison to the 
downward flows induced by the swelling agents discussed above. 
The evaporation of water from a surface covered in filter paper was 
measured volumetrically by Verma and Cermak (1974) in order to investigate mass 
transfer from wavy walls. Utton and Sheppard (1985) initially used water as the 
transferring substance while developing their optical technique to measure the water 
content of damp papers used as mass transferring coatings, but found that the results 
were too sensitive to the natural random variations in atmospheric humidity for 
convenient use. 
Previous workers with the swollen polymer technique have tested 
several materials for use as water-swollen coatings. Kapur (1973) found that Poly -
Vinyl Alcohol dissolved completely in water, while Ethyl Cellulose turned opaque 
when wet and stayed so when dry. PolyVinyl Acetate was found to adhere well to 
metal substrates and was transparent when dry, but also went opaque when wet. 
Kapur's attempts to obtain holographic fringes from PolyVinyl Acetate swollen with 
water were all unsuccessful. Robertson (1989) found that PolyAcrylamide Gel 
separated from glass slides. Cellophane, in the form of "Sellotape" adhesive tape, 
failed to adhere to glass when soaked in water, but good fringes were obtained with 
dry Cellophane exposed to an air jet saturated with water vapour. 
The material proposed here is gelatin, as it swells well in water, there 
are known techniques from photography for attaching it securely to a substrate and it 
is easy to obtain and use. The rest of this chapter describes qualitative experiments to 
test whether the gelatin and water combination can be used to produce interfero-
metric fringes useful for mass transfer measurement and a preliminary study of the 
properties of swollen gelatin. Only after this work was largely finished was the paper 
by Powell (1940) encountered. Powell, investigating the evaporation of water from 
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various objects in a wind tunnel, usually used linen or paper as an absorbent layer to 
hold the liquid water on the test object. However, a gelatin coating was included in a 
series of experiments to check that the partial pressure of water above absorbent 
layers was the saturated vapour pressure. Hinchley and Himus (1924) also considered 
the use of gelatin in water evaporation experiments, but rejected it as they felt that its 
tendency to absorb moisture from the air when dry would result in substantial errors. 
H.2: Experimental 
Preliminary experiments were carried out using a photographic emul-
sion to provide a hardened gelatin layer. ESPI was found to be more convenient than 
holography for these investigations. Unexposed Ilford FP4+ 120 format roll film was 
developed and fixed, and attached to a brass plate with Euparal fixative. The brass 
plate was soaked in water for 10 minutes and then clamped to a stand on the bed of 
the ESPI. A few distinct fringes were obtained by blowing gently on the film through 
a 3mm nozzle, but no more than about 10 could be produced before the test plate had 
dried out and needed to be soaked again. The film tended to start peeling from the 
plate after about five soakings. 
Although the results with the photographic film were promising, gela-
tin coatings capable of holding more water were clearly needed. These were made by 
applying a solution of about lOg of powdered gelatin in lOOml of boiling water dir-
ectly to a shot blasted brass plate 190 by 140 mm and leaving it to cool. After being 
soaked in water for an hour, these coatings had swollen to a much greater degree than 
the film, and they tended to separate very easily from the substrate. When exposed to 
an impinging jet, at least 20 fringes could be produced at the stagnation point before 
they became too crowded and blurred together. There was no obvious change in the 
fringing rate. Figure H.2.1 shows a holographic fringe pattern due to about 3 s of 
flow of Re=3800 from a 7mm nozzle 25mm from the plate along the jet axis, and at 
about 65° to the normal to the plate. Although the fringes are very distinct, the gelatin 
coating can be seen separating from the plate at the edges. 
The two main difficulties in making quantitative measurements are 
ambient humidity and evaporative cooling. In most mass transfer experiments it is 
assumed that the concentration of the transferring agent in the bulk of the fluid is 
zero; but this will not be true here if there is any moisture in the air. Thus for useful 
mass transfer experiments it is necessary to know the humidity of the air. In impin-
ging jet experiments this includes the air in the jet itself as well as the atmosphere. 
Further, the concentration of water vapour at the test surface is due to the vapour 
pressure and so depends strongly on temperature; but wet surfaces are very prone to 
evaporative cooling in even gentle air flows. For experiments at room temperature it 
is expected that the temperature drop due to evaporative cooling at a point on the test 
surface will be proportional to the fringing rate at that point, and it should therefore 
be possible to calibrate the gelatin/water system by comparing experimental results 
for a given flow situation with theoretical predictions. It may however be possible to 
measure the temperature drop directly by seeding the gelatin layer with encapsulated 
thcrmochroniic liquid crystals 
1 icUic H.. 1: l:ii  ngc pattcmfl duc to c' aporution ol \\ atr  1 tolil a c1atiii a 
exposed to an oblique impinging jet 
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H.3: Diffusion of Water within Gelatin 
Water-swollen gelatin used in mass transfer experiments will have a 
constant rate period just as the materials commonly used do. In order to estimate the 
magnitude of this constant-rate period it is necessary to know the diffusivity of water 
within the gelatin layer. An attempt was made to determine this experimentally using 
the same method as in chapter C; i.e. by measuring the rate of uptake of distilled 
water by a gelatin layer supported on three porous balls. As can be seen from figure 
H.3.1, the total amount of swelling varies markedly from run to run, even for the 
same coating. The values of the Flory-Huggins parameter X were found to range 
from 0.6 to about 0.8, leading to values for the diffusivity D SP  at the end of the con-
stant rate period of 0.67, 1.07 and 9.1 x10 7 cm2 s for runs Ml, M2 and M3 respect-
ively (fig. H.3.2). These runs were made with one coating, labelled 'M'; no value for 
DSP 
could be found from the data from slide L. 
These results were felt to be unreliable: not only is the data very scat-
tered but the relative swelling registered by the dial gauge is much less than is ob-
served visually. This suggests that swollen gelatin, which is much softer than the 
silicones used before, is substantially deformed by the weight of the slide at the 
porous balls on which it rests. To avoid this it was decided to rest the coated slide on 
a piece of unglazed ceramic tile to spread the weight; this resulted in the recorded 
swelling of the coating on slide M being increased from about 2.5 times to around 8 
times, figure H.3.3. The runs with slide M had to be abandoned as when using the tile 
it was not possible to re-zero the dial gauge to follow large displacements (as the tile 
had to rest on the base of the petri-dish rather than on the frame of the apparatus, 
attempting to raise the dial gauge could result in the measuring apparatus moving 
randomly past the coated slide). A thinner layer was therefore applied to slide P; it 
can be seen that this coating swells less than that used previously., with an equilibri-
um relative swelling of about 7, giving a value of 0.55 for X. 
For such low values of X, the partial pressure of the swelling agent 
above the polymer will reach 95% of the saturated vapour pressure of the solvent 
when less than 20% of the final amount of solvent has been absorbed, suggesting that 
water-swollen gelatin should have a relatively long constant rate period. For runs P1 
and P2, the diffusivities of water within the gelatin were found to be 0.62 and 0.66 
x10 7 cm2 s 1 after 17% of the final amount was taken up. This corresponds to an 
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Figure H.3.4: Diffusion of Water into Gelatin, slide supported by flat tile 
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A number of other workers have studied the diffusion of water 
through gelatin, but they have generally used much more dilute films. For example, 
Amis et al. (1983) obtained  value of 4.12x10 7 cm2 s 1 for the diffusivity of water in 
a coating containing 85% of water by weight at 20°C. Working at 25°C Wu and Yan 
(1995) found the diffusivity of water through a gel to be 2.5x10 7 cm2 s 1 for 15% 
gelatin by weight, and 2.2x10 7 cm2 s 1 for 20% by weight. In this work, the diffusiv-
ity with 16% gelatin by volume (i.e. when -ln(1-m/m,) = 2.6) was found to be 
1.25x 10-7  cm2 s 1 from run P1 and 1.35x10 7 cm2 s 1 from run P2, both at about 24°C. 
The current work is in fair agreement with that of other workers, given that the 
properties of gelatin are not strictly defined but rather depend on its source and 
method of production. 
H.4: Summary 
A swollen polymer system based on gelatin and water would be safer 
and more convenient than the combinations currently used. By using established 
methods of removing water vapour from air, such as silica gel, it would be possible 
to carry out experiments in enclosures without the transferring agent building up in 
the test fluid, or to control the humidity, thus changing the effective vapour pressure 
of the swelling agent. At equivalent rates of transfer a coating of gelatin swollen in 
water should also have a longer constant rate period than present systems. 
An important practical difficulty lies in producing gelatin coatings 
that do not swell excessively, and so adhere more securely to the substrate and don't 
deform under any pressure from a flow such as an impinging jet. This could be 
achieved by hardening the gelatin, either by chemical means such as formaldehyde or 
Potassium Dichromate or by heating the gelatin. The effects of heating on the absorp-
tion of water by gelatin are shown in figure H.4. Grebennikov et al. (1990) have 
found that the effect of chemical hardening on the diffusion of water through gelatin 
is negligible. 
For quantitative work it is also necessary to mitigate the effects of 
evaporative cooling, either by calibration in a situation where the mass transfer rate is 
known or by using liquid crystal thermography to measure the temperature of the 
polymer surface directly. Such a use of liquid crystals would provide information on 
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heat flow in evaporating systems, extending the swollen polymer method into the 
realm of combined heat and mass transfer. 
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General Conclusions 
This work has shown that the swollen polymer method is a viable 
technique for making mass transfer measurements on free convection in air, as 
polymers have been identified that do not separate from the substrate on swelling 
with solvents of suitably high vapour density and volatility at room temperature. 
Optical interferometric techniques have been found to be ideal for making local 
measurements of the surface recession caused by the convective swelling agent loss, 
and thus of the local mass transfer coefficient, since they provide data over the whole 
field of view and have very high sensitivity, allowing accurate measurement of 
changes in the shape of the test surface so small that they do not affect the flow. On-
line interferometric methods allow absolute ordering and timing of the fringes, so 
that local transfer rate data can be obtained and maxima and minima in the transfer 
coefficient identified without any need for fiducial measurements. 
As the natural convection flow, and so the loss of material from the 
swollen polymer coating, proceeds continuously, it is necessary to use a technique 
for recording the surface recession that allows a short exposure time (to prevent the 
fringes being smeared out) and a short development time (so the system is ready to 
make measurements before the supply of swelling agent within the polymer is ex-
hausted). This work has employed the Newport thermoplastic holocamera, to per-
form holographic interferometry, and also an electronic speckle pattern interfero-
meter. 
Previous workers using on-line holographic interferometry in the 
front-viewing geometry have encountered spurious fringe movements, woozing and 
wavering, caused by refractive index variations in the transferring fluid in front of the 
test surface. Some attempts to avoid this by employing the total internal reflection 
layout, in which the optical paths do not pass through the convecting fluid, have run 
into problems with the fringes rapidly fading from view. Problems of this kind repor-
ted by Gholizadeh (1992) have been found to be due to a combination of inappropri-
ate optical diffuser location distant from the test object localising the interference 
fringes away from the plane of focus of the viewing camera, so inherently reducing 
their visibility, coupled with a flaw in the Newport thermoplastic camera that results 
in the further re-localisation of the interference fringes for a period of about 7 min-
utes after the development of a previously un-erased holographic plate. The former 
difficulty can be cured by keeping the ground glass diffuser as close to the prism as 
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possible; the latter can only be alleviated by ensuring that the thermoplastic plates 
have been erased well in advance and manually circumventing the erase cycle at the 
camera controller. Even with these precautions, it is likely that spurious fringes will 
be produced for up to a minute after development. In practice, then, it is likely that 
several thermoplastic plates will need to be in use at one time, and it is suggested that 
they are all bought together and then used evenly, since it is then possible to tune the 
development voltage to deliver the best results for all the plates. The relatively 
simple measures to exclude dust from the optical system described above will sub-
stantially increase plate lifetimes to an extent that makes this comparable in cost to 
conventional holographic systems. 
The ESPI system used here was found to be very convenient for mass 
transfer work, as it acquires the reference image almost instantaneously and is ready 
to produce fringes immediately. ESPI systems generally suffer the disadvantage of 
having a much lower resolution then holographic systems. The ESPI instrument 
available for this work was used less than it might otherwise have been mainly 
because it was getting old and so was unreliable, but another disadvantage of this 
particular instrument is that the output data is only available as a video signal, unlike 
the holographic setup where a video camera can easily be replaced by a still camera, 
or even the experimenter's eye. 
For natural convection work it is necessary to use swelling agents that 
are much more volatile than those used previously in forced convection. The solvents 
proposed here are aliphatic esters and n-alkanes, specifically iso-Pentyl Ethanoate, 
iso-Butyl iso-Butanoate and n-Pentyl Propanoate, and n-Nonane and n-Decane. 
However, it has been found that these solvents tend to swell the polymer to such a 
degree that the silicone rubber usually used in mass transfer work, GE RTV 615, 
pulls itself from the substrate. Instead, other polymers, Vallance silicone sealant and 
Dow Corning DC 734, and associated methods of application have been found that 
can be used to produce coatings that can be used with these swelling agents, and 
measurements have been made of the diffusion coefficient of the solvents used 
within these polymers. 
Both holographic interferometry and ESPI have been used to study 
laminar natural convection from flat vertical plates, using a number of swelling 
agents and so covering a range of Schmidt numbers. The results from both optical 
techniques are comparable. Both sets of results show substantial scatter, attributable 
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to the influence of external disturbances on the natural convection system. The best 
fit line to the data obtained with iso-Pentyl Ethanoate, iso-B utyl iso-Butanoate and 
n-Nonane is 
Sh(x) = 0.46±0.04 Ra (x)0.25±0.03 	E.2-1 
which is close to the theoretical predictions given by Eckert (1950). The scatter in the 
results is due to externally induced background air movements, which become more 
significant for less volatile solvents which generate a weaker convective flow. Thus, 
for n-Decane the results have much wider scatter and are much higher than the theor-
etical predictions as is to be expected, as background air movements can momentari-
ly increase the local natural convection mass transfer (which in this case is very 
small) many times, but can never reduce it to the extent of causing the swelling agent 
to condense back on to the plate from the air. The results obtained with n-Pentyl Pro-
panoate are substantially lower than predicted. It is suggested that this is due an error 
by Stull (1947) in ascribing vapour pressure data for iso-Pentyl Propanoate to this 
compound. 
Natural convection from vertical rods has also been examined. The 
fringes on the rods have the shape predicted by computer simulation. It was found to 
be difficult to obtain reliable quantitative results, as the curve of the surface means 
that the fringes are much more closely spaced, soon making them difficult to distin-
guish. On long rods the situation was complicated further by the extreme wavering of 
the fringes lower down the rod and by the unsatisfactory mounting of the rod. Fringe 
visibility could be improved by better illumination at the sides of the rod, which will 
be difficult to accomplish as it requires a light source that is darker in the centre than 
towards the edges. The problems of the fringes fading as they move too close toge-
ther are due to the oblique angles at which the sides of the rod are viewed, and so can 
only be avoided by only analysing the fringe patterns near the centre line of the 
cylinder, where the surface is viewed nearly normally. An improved mounting for 
longer rods was described near the end of section F.3. 
As has already been mentioned, the ultimate aim of this work was to 
examine the natural and mixed convective mass transfer coefficient over the central 
tube in a "heated" bundle, and to compare the results with those given by a more 
direct measurement of the temperature distribution. Although this has not been 
possible because of the appearance of various time-consuming practical difficulties 
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en route, culminating in the problems with the rod mounting, parallel work has been 
carried out using liquid crystal thermography and thermocouples to study natural and 
mixed convection in vertical rod clusters. The major problems found with the appli-
cation of the liquid crystal technique were on the one hand a significant discrepancy 
between the temperatures recorded by the liquid crystals and the thermocouples in 
the natural convection runs, and on the other the need with the liquid crystal techni-
que to change the power input into the cluster to examine the temperatures of differ-
ent portions of the rod; this means that data obtained at some locations may then 
represent completely different flow conditions to data at others. A further difficulty 
with the liquid crystal technique was the extreme temperature difference that could 
exist between the top and bottom of the guide tube; this resulted in damage to the 
liquid crystals at the top of the rod when taking measurements near to the base of the 
cluster. 
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Suggested Further Work 
In order to identify the problems with the total internal reflection 
geometry, work was carried out using an impinging jet. The dependence of the 
Sherwood number at the stagnation point on the Reynolds number in the range of jet 
Re from 8000 to 18000 was found to be 
Sh0 = 0.30 Re 2/3  Sc113 
	
D.2-3 
This represents higher values than those found by Gholizadeh (1992) in similar work. 
It is suggested that this discrepancy might be due to the effects of surface roughness, 
as the sealant coatings used here do not have as smooth a surface as those of RTV 
615. It would therefore be useful to investigate this possibility by looking at forced 
convection mass transfer from a series of coated plates, using not only RTV 615 and 
DC 734, which produce smooth surfaces, but also a series of sealant based coatings 
of different roughnesses. 
The work on natural convection from flat plates carried out here has 
been confined to the laminar regime; it would be highly desirable to investigate in-
stability and the transition to turbulence by using somewhat longer plates - between 
two and four times as long. Such work, leading to the identification of the critical 
Rayleigh number at low Sc, would provide information on how the critical Rayleigh 
number depends on Sc, as was suggested by Fouad and Ibi (1960). 
It has been noted that one advantage of the optical measurement 
techniqus used here is that the extent of any effects due to entrainment at the sides 
of the plate can be clearly seen; an extended study of edge effects to confirm the 
work of Sparrow and Azevedo (1985b) could be carried out using these techniques. 
The mass transfer experiments looking at natural convection between two plates of 
Sparrow and Bahrami (1980) could also be extended, by using the total internal 
reflection geometry. It might also be possible to change the Grashof number by 
varying the ambient pressure in an enclosure surrounding the test object, as done by 
Mathers et al. (1957). 
The use of the swollen polymer method to measure two-dimensional 
distributions of local mass transfer would be impractically time-consuming if the 
fringe analysis had to be carried out manually - an automated system is required. One 
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possibility is to digitise the fringe pattern at constant time intervals and then obtain 
the local fringing rate from a time-domain Fourier transform of the intensity of a 
particular pixel in successive frames. Such a system could either operate by storing 
all the frames on disk and the doing all the calculation at the end of the run, or during 
the experiment by performing the computations for each frame before the next image 
is acquired. More details about such a system are given in Appendix 7.2. The use of 
an automated fringe analysis system would also ease making a quantitative compari-
son between the observed and predicted shapes of the mass transfer from rods and 
other curved surfaces. If an automated system is not available, or off-line interfero-
metry is used, manual data analysis could be made easier and more accurate by 
using a "video micrometer" - a device that can superimpose sets of cross-hairs at 
calibrated locations over a video signal, making it easier to accurately locate fringe 
positions. 
Other possible uses of the swollen polymer technique include the 
determination of vapour pressures from natural convection experiments, if a still 
enough atmosphere can be maintained. Alternatively, by combining the total internal 
reflection technique with an initially dry coating, it may be possible to investigate the 
diffusion of swelling agents into the polymer, by suddenly exposing the coating to 
the liquid solvent (e.g. by rapidly filling a container). This could be compared with 
the interferometric technique used by Wu and Yan (1995) to study the penetration of 
gelatin films by water. 
The possibility of using water swollen gelatin films for mass transfer 
measurements in low Sc systems was demonstrated in chapter H. However it is still 
necessary to refine the method used to produce the gelatin coatings that do not swell 
excessively and so gradually separate from the substrate, probably by carrying out a 
slight degree of chemical hardening. Alternatively, coatings for mass transfer mea 
surements using water vapour could be based on the materials used for soft contact 
lenses (polymers of 2-HydroxyEthyl Methacrylate or Glycerol Methacrylate). 
One difficulty with water-swollen coatings (and also any coating at 
high rates of transfer) is that evaporative cooling can occur. One way to check the 
extent of this would be to seed the polymer coating with encapsulated thermographic 
liquid crystals: any temperature changes of the polymer could then be seen as 
changes in colour. The need then to simultaneously yet independently illuminate the 
test object with white and laser light can be met by the total internal reflection tech- 
nique, which isolates the light fields in front of and behind the plate from each other. 
Issues that would need to be investigated include whether the liquid crystal capsules 
will affect mass transfer through the polymer, and whether the temperature changes 
occur through the depth of the polymer or only at the surface: it may be necessary to 
seed the polymer only at the surface, which might be done by spraying on a mixture 
of uncured polymer and the encapsulated liquid crystals. 
The spurious fringe re-localisation seen with the Newport holocamera 
when the thermoplastic plates are erased immediately prior to use should be invest-
igated in more detail, as this effect might also be significant in other work using this 
instrument. It would also be useful to check for this effect in the comparable appara-
tus manufactured by Ultra-Res. The source of the fault in the coronatron movement 
of the HC-300 at higher temperatures should be identified and rectified, and it is also 
suggested that some additional form of support is fitted to hold the thermoplastic 
plates firmly in the Newport camera head. For further experiments on natural convec-
tion a working area better isolated from external influences is required. 
In extending the optical method used here it would be interesting to 
check the suggestion of Kapur (1973) that the fringe fading in the case of an opaque 
polymer (section A.3.5.2.2a) is due to surface de-correlation. As the polymer coating 
is not removed (as a subliming coating is) de-correlation would not be expected to be 
a problem, so much as fringe re-localisation (whose importance has been demonstra-
ted here) or some other effect such as the light penetrating into the polymer film 
rather than being reflected only at the surface. This could be investigated using 
several opaque polymers, such as the white form of DC 734 and the GE RTV 11 
used by Roberts (1993). A diffusing screen would need to be placed close to the 
coated surface to cut down glare and also localise the fringes close to the test object. 
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Appendix 1: Sample Calculations 
Appendix 1.1: Analysis of Fringes in Impinging Jet Experiments 
This section demonstrates the determination of local Sherwood 
numbers from recorded fringe patterns by scheme I from section B.2.2.2, as used in 
the work with an impinging jet, section D.2. Before analysis, the image linearity of 
the monitor was checked to ensure that measurements from the screen would be 
accurate, and the duration of the experiment for which the fringes would be analysed 
was decided: if this is too long the fringes will be crowded together and easily con-
fused, while if it is too short there will be few fringes in view and the spatial resolu-
tion of the results will be poor. 
For the Re=7820 run in section D.2, the fringes can be analysed over a 
period of 90s after the jet was started. First, the numbers of fringes passing a set of 
predetermined reference points are counted directly. The points usually chosen here 
are the stagnation point; the secondary maxima and minima, found from the regions 
of appearance and coalescence of the fringes; and a pair of lines marked directly on 
the test object. These numbers are given in table App!.!. Although some might seem 
redundant, the extra values allow cross-checking of the orders assigned to the inter-
vening fringes later on. 
Location 	Fringe Order 
Top Line 6 
Upper Split 9.5 
Upper Merge 9 
Stagnation Point 14 
Lower Merge 8.5 
Lower Split 9 
Bottom Line 4 
Table App 1. 1:  Fringe counts at reference points for Re=7820 impinging jet run 
The video tape is then paused, displaying the fringe pattern at the end 
of the analysis period. The positions of all the fringes may then be found by measur-
ing directly from the screen, and their orders assigned by interpolation from those at 
the reference points. Finally, the local mass transfer coefficient and Sherwood 
number can be found from A.3.5-5 and It-5 (table App. 1.2). 
The constant rate period, found from eq. A.2-2, is 290s at the stagna-
tion point; much longer than the experimental run of 90s. The constant rate period 
falls to about 90s for the runs at Re = 18 000, but the fringing rate for those runs was 
so high that the fringes could only be clearly distinguished during the first 30s of the 
run. 
: 
Ambient temperature: 22°C 
Swelling Agent: Ethyl Salicylate - p = 6.7 Pa, DSA = 0.0552 cm 2 s' 
Analyse over 90 s. 
rid 	N 	3 (cm s 1 ) 	Sh 
-3.2 6 5.6 71 Top Line 
-2.6 7.5 7.0 89 
-2.2 8.5 7.9 101 
-1.8 9.5 8.9 112 Upper Split 
-1.3 9 8.4 106 Upper Merge 
-1.0 10 9.3 118 
0 14 13.1 166 Stagnation Point 
0.7 10.5 9.8 124 
1.0 9.5 8.9 112 
1.2 8.5 7.9 101 Lower Merge 
1.7 9 8.4 106 Lower Split 
2.1 8.5 7.9 101 
2.3 7.5 7.0 89 
2.7 6.5 6.1 77 
3.1 5.5 5.1 65 
3.5 4.5 4.2 53 
4.0 4 3.7 47 Bottom Line 
Table App 1.2: Experimental results for impinging jet (Re=7820) 
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Appendix 1.2: Analysis of Natural Convection Fringes 
As the fringe pattern in natural convection work is already partly 
formed when it is first seen after the hologram is developed, it is necessary to use the 
other analysis scheme described in section B.2.2.2. Here, the numbers of fringes 
passing known points during successive short periods of time (usually 30 s) are 
counted. The points of interest are marked directly on the test surface. By counting 
fringes over many short periods of time, it is possible to detect any temporal varia-
tions in the fringing rate, such as the initial high values seen soon after exposure and 
development (chapter E) or any slow-down as might be expected were evaporative 
cooling to occur. The mass transfer coefficients can again be found from the fringing 
rates by using A.3.5-5. Table App 1.3 shows the results obtained at three points with 
one run, with iso-Pentyl Ethanoate as the swelling agent. The first column indicates 
the time after exposure of the hologram during which N fringes were counted. The 
first entry, "initial rate," is the fringing rate found from the first two fringes to pass 
the point of interest after the hologram is developed. As described in chapter E, the 
fringing rate is seen to be substantially higher immediately after exposure of the 
hologram, and so the initial values from each run were discarded. To improve the 
precision of the technique, the arithmetic mean was taken of the accepted values - 
this improves the resolution from 1/4 of a fringe in 30 s to 1/4 fringe in 5-10 minutes. 
By substituting the relevant values into A.2-2, it is possible to find the 
constant-rate period for mass transfer experiments. In the case of natural convection, 
however, the mass transfer rate at the leading edge is theoretically infinite, so the 
constant rate period will be zero. Instead, the largest mass transfer coefficient that 
can be reliably measured during an experiment of convenient duration is considered. 
An experiment using iso-Pentyl Ethanoate and lasting 20 min can measure mass 
transfer coefficients of 0.62 cm s- , which are substantially higher than those at the 
areas of the plate that can be easily analysed and will only be found close to the 
leading edge. 
Table Appl.3: Example results for natural convection (uncorrected) 
Time 	x (m) 	Ra 	N 	Fringing rate 	13 	Sh 
mm, s N/t (1)  (cm s 1 ) 
Initial rate: 0.026 45400 5 0.167 0.298 12.73 
30"-l' 0.026 45400 3.75 0.125 0.223 9.55 
l'-l'30" 0.026 45400 3 0.100 0.178 764 
1'30 1 f-2' 0.026 45400 275 0.092 0.163 700 
2 1 -2 1 30" 0.026 45400 225 0.075 0.134 573 
2'30 11 -3' 0.026 45400 275 0.092 0.163 700 
3 1 -3 5 30" 0.026 45400 275 0.092 0.163 700 
3 1 30 11 -4' 0.026 45400 225 0.075 0.134 573 
4 1 -4 7 30" 0.026 45400 275 0.092 0.163 700 
4 9 30 11 -5" 0.026 45400 275 0.092 0.163 700 
5 1 -5 1 30" 0.026 45400 25 0.083 0.149 636 
5 1 30 11 -6' 0.026 45400 2.75 0.092 0.163 7.00 
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Time 	x (m) 	Ra 	N 	Fringing rate P 	Sh 
mm. s Nit (s 1 ) (cm s 1 ) 
Initial rate: 0.063 646000 3.75 0.125 0.22 23.14 
30 11 -1' 0.063 646000 2.5 0.083 0.15 15.43 
1 1 -1 9 30" 0.063 646000 25 0.083 015 1543 
1 9 30"-2' 0.063 646000 2 0.066 0.12 12.34 
2 1 -2 9 30" 0.063 646000 2 0.066 0.12 12.34 
2 9 30"-3' 0.063 646000 1.75 0.058 0.10 10.80 
3 9 -3 1 30" 0.063 646000 2.25 0.075 0.13 13.88 
330114 0.063 646000 1.75 0.058 0.10 10.80 
4 9 -4'30" 0.063 646000 2 0.066 012 1234 
4 1 30 11 -5" 0.063 646000 2.25 0.075 0.13 13.88 
5 1 -5 7 30" 0.063 646000 1.75 0.058 0.10 10.80 
5 1 30-6' 0.063 646000 2.25 0.075 0.13 13.88 
6 1 -6 1 30" 0.063 646000 2 0.066 012 1234 
6 1 30 11 -7' 0.063 646000 2 0.066 0.12 12.34 
7 1 -7'30" 0.063 646000 2.25 0.075 0.13 13.88 
7 1 30 11 -8' 0.063 646000 2 0.066 0.12 12.34 
Initial rate: 0.096 2290000 3 0.100 0.17 28.21 
30"-l' 0.096 2290000 2.25 0.075 0.13 21.16 
1'-1 1 30" 0.096 2290000 2.25 0.075 0.13 21.16 
1'30 11 -2' 0.096 2290000 1.75 0.058 0.10 16.46 
2 1 -2 1 30" 0.096 2290000 1.75 0.058 0.10 16.46 
2 1 30 11 -3' 0.096 2290000 1.75 0.058 0.10 16.46 
3 9 -3'30" 0.096 2290000 2 0.066 0.11 18.81 
3 9 30 11 -4' 0.096 2290000 1.5 0.050 0.08 14.10 
4 1 -4 1 30" 0.096 2290000 1.75 0.058 0.10 16.46 
4 5 30 11 -5" 0.096 2290000 1.75 0.058 0.10 16.46 
5 1 -5 1 30" 0.096 2290000 1.5 0.050 0.08 14.10 
5 9 30 11 -6' 0.096 2290000 2 0.066 0.11 18.81 
6 3 -6 1 30" 0.096 2290000 1.75 0.058 0.10 16.46 
6 1 30 11 -7' 0.096 2290000 2 0.066 011 1881 
7 9 -7 9 30" 0.096 2290000 2 0.066 0.11 18.81 
7 9 30 11 -8' 0.096 2290000 1.75 0.058 0.10 16.46 
Run: V 4120-4340 (iso-Pentyl Ethanoate) 
Temperature: 	298.15 K 
Vapour Pressure: 722.9 Pa 
Diffusivity: 	0.0608 cm  s 1 
Exposure taken 9' 52" after test plate removed from soaking bath 
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Appendix 2: Geometrical Factors 
Appendix 2.1: Front-Viewing Technique on Flat Plate 
The surface recession of the polymer, öz, is related to the change d in the optical path 




In the front-viewing geometry, the initial optical path length from figure App2. 1 is 
(A l  Cl)nA + (C 1 D)n + (D E)n + (E F)n + (F G1 )n + (G1  B l )nA  
where n is the refractive index of the experimental fluid and n, is the refractive 
index of the swollen polymer. After the surface has receded a distance &, the optical 
path length becomes 
(A2  C2)nA  + (C2  D)nA + (D E)n + (E F)n + (F G2)nA + (G2  B2)nA  
assuming there is no significant change in n, during the recession of the coating. The 
change in optical path is the difference between the above. Noting that 
A 2 C 2 = Al C1 
and 	 G 2 B 2 = G1  B 1 
I is given by 	ii = (C D)n - (C2  D)nA  + (F G1 )n - (F G2)nA 	App2-2 
Now, from ADHC 1 , C1 D = z/cos((x 3) 
and from L\FJG 1 	F G1 = Bz/COS(a4) 
and hence in bC 1 DC2 	C2 D = cos(a1-(X 3)8Z/COS((X3) 
and in AG 1 FG2 	 F G2 = cos(a2-a4) 8z/cos((X4) 
Substituting into App2-2 then gives 
ci = 8z (n - A cos(ct 1 -a3))/cos((X 3) + &z (n - A cos(a2-ct4))Icos(a4) 
Combining with App2- 1 and re-arranging then gives 
np- 	cos (a 1 - a3 ) 
	
np - 	cos (a2 - (X4) 
+ App2-3 
cos (a3 ) 
	
cos (a4 ) 
where 	 sin a3 = n A  Sfl a1 / np 
and 
sin a4 =A 	 a2 / np 
The geometrical analysis above is based on that by Kapur (1973), while the use of 
the geometric factor C is due to Gholizadeh (1992). 
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Figure App2. 1: Light paths through shrinking polymer in front-viewing geometry 
(thickness change exaggerated) 
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Appendix 2.2: Front-Viewing Technique Applied to a Cylindrical Surface 
In general the geometrical factor for any curved surface is difficult to 
calculate, as the total thickness of the polymer becomes important (fig. App2.2: as 
recession continues a1 and (x2 will change). For a cylinder, the problem may be 
simplified by making two assumptions: that the polymer layer is thin (i.e., less than 
1% of its radius of curvature) and that the light beams are collimated (achievable 
experimentally by viewing and illuminating from a distance) and in a plane normal 
to the axis of the cylinder. In such a case it is possible to treat the rod as a curved 
array of small flat plates. Each point on the surface is described by its angular posi-
tion 0 and, making the assumptions above, the geometrical factor C(4) at that point is 
given by App2-3 with 
and 
a2 = 
where 8 is the angle between the illumination and viewing directions. That is, 
flPnA Cos  (8 a3) 	nPnA COS (a4) 
C() = 	 + App2-4 
cos (a3 ) 	 cos (a4 ) 
where 	 sin a3= ( A 'P sin(8-4) 
and 
sin a4= (A'P)  sin(4) 
It may be worth considering here ways of calculating the geometrical 
factors for more complex surfaces; for example under certain circumstances cones 
might be treated as cylinders of varying diameter. In general, however, it is likely to 
be necessary to extend the analysis of Appendix 2.1 to a three-dimensional case (i.e. 
one where the incident and reflected rays don't lie in the same plane). Values of the 
geometrical factor may then be found for any point on a surface by treating it as an 
array of flat plates, as above. 
It is also felt, however, that the geometrical factors for given situa-
tions may be multiplicative; that is, for example, for a cylinder not viewed normal to 
its axis the geometrical factor may be obtained by multiplying the geometrical factor 
for a cylinder by that of a flat plate tilted at the requisite angle. If this could be con-
firmed, even under limited circumstances, it would greatly ease the application of 
interferometric techniques to the measurement of mass transfer from arbitrary sur-
faces. 
(This analysis is original to this work.) 
Appendix 2.3: Total Internal Reflection Geometry 
The change in optical path length Ithrough an arbitrary prism of 
refractive index n0 , fig. App2.3, is the sum of two components: that due directly to 
the change in coating thickness - 
dj = (D2 D 1 ) n + (D 1 F1 ) n + (F 1 G 1 )n0 - (D2 E 2  ) n, - (E2 G 2  ) n0 App2-5 
and that due to the light not passing normally through the sides of the prism 
= (G H 1 ) n A - (G2 H 2  ) n0 	 App2-6 
Now, 	 D 1 F1 = D1 E 1 + E1 F1 
where E 1 is such that 
DI E, = D 2 E  2 
Substituting into App2-5 gives 
= (D2 D 1 ) n. + (E1 F1 ) n - (E2 F 2  ) n0 	 App2-7 
Now, 	 D 1 E1 +E1 F 1 = D 1 J+JF1 
but 
JF1 = D 2 E  2 = D I El 
and so 
E l  F,= DI  =D2 D 1 
and 
= LD 1 D2J 
Since angles of incidence and reflection must be equal, L must be the mid-point of 
D2 J and K that of E2 F 1 . 
Now LF2  F I E 2 is a, and so from AF2F1 E2 
sin a3 = (E2 F2)/(E2 F 1 ) 
and from AD 1 D2L, 
tan a4 = (D2 L)/& 
Hence 	 E2 F2 = E2 F 1 5fl a3 = 2 D2 L Slfl a3 
= 2 öz tan a4 sin a3 
Also 	 D2 D 1 =6zl COS  a4 
Substituting into App2-7 thus gives: 
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Figure App.2.3: Light paths in the total internal reflection geometry with a prism 
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Meanwhile, 
G I  II I = G 1 H2  sinna1 
and 
G 2 H  2 = G 1 H2 sin a2 
where 
G1 H2 = G 1 G2 /  Cos a2 
in which 
G1 G2 = F, F2 = E2 F 1 Cos a3 
where 
E2 F1 = 2 D L = 2 & tan a4 
Substituting into App2-6 then gives 
d=2az tan a4 Cos a3 (nA sin a I -nG sin a2 )/  Cos a2 
From App2- 1, the geometrical factor C is given by 
C = (dj + d ) I öz 
Substituting in from App2-8 and App2-9 gives: 
App2-9 
2 (n - 	sin a4 sin a3 ) 
	
2 tan a4 cos a3 (A  sin a1 - 	sin a2 ) 
C= 	 4 
cos a4 	 cos a2 	
App2-1O 
where 	sin a2 =A  Sfl a1 'G 
a3 = 900 - 0 - a2 
sin a4 = G a / n 
• 	This geometry of course depends on total internal reflection occurring 
at the front face of the swollen polymer. This will occur when 
sin a4> nP 'A 
The analysis above is a generalised form of those presented by Larez (1982) and 
Gholizadeh (1992). 
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Appendix 3: Diffusivity of Swelling Agents in Air 
Appendix 3.1: Prediction Techniques 
Appendix 3.1.1: Since there are no experimental values available for the diffusivity 
in air of many swelling agents, it is necessary to be able to estimate or predict them 
by other means. It is possible to derive a general expression for the binary diffusion 
coefficient D.. two substances i and  from kinetic theory (Chapman and Cowling, 
1952). This may be written as: 
3 (2itk3 T3 /9) 112 
D..=- AD 
16 p  62 (1,1)* 
App3.1-1 
Where T 	is temperature 
P is pressure 
k 	is Boltzmann's constant 
1/p.= (l/m+ i/rn3 ) 
where m. and m. are the masses of molecules of each species 
1,1)* is the dimensionless collision integral for diffusion 
G.. 	is the characteristic molecular size 
AD' 	is a correction term representing higher order terms that is 
usually between 1.00 and 1.03 
(from Hirschfelder, Curtiss andBird (1954), equations 8.2-9 and 8.2-45) 
92 D  and a represent the forces between molecules, fig. App3. For non-polar mole-
cules it is convenient to model forces these using the Lennard-Jones 6-12 potential E, 
where: 
E(r) = -4eij [((; /r)6 - (a /r)'2 ]ii 
with the collision integral 0 D  depending on c,, (Hirschfelder et al., 1948 and 1949a). 
For polar molecules the more complex Stockmayer potential should be used (Mon-
chick and Mason, 1961). AsfD  is usually less than 1.03 (Hirschfelder etal., 1949b) it 
may taken as unity for a first approximation, since calculating a more exact value is 
no trivial task (Mason, 1957). 
E(r) 
[oj 
Figure App3: Potential (E) representation of the variation of intermolecular forces as 
a function of the distance between molecules, r. 
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Equation App3.1-1 may then be re-written (from Reid et al., 1987): 






Where D.. is the diffusion coefficient in cm2 Is 
T' is the temperature, K 
P 	is pressure, Pa 
cy is the characteristic length, A 
is the diffusion collision integral (App3.1-3) 
M. is 2[( 1/M)+( 1 /M( 1 ,)Ir 
M. and M being the relative molar masses of the two components 
An expression for the diffusion collision integral is given by Neufeld et al. (1972): 
A 	C 	E 	G 
= 	+ 	+ 	+ 	 App3.1-3 
(T )B  exp(Dr) exp(Ffl exp(Hr) 
Where A = 1.06036 
B = 0.15610 
C =0.19300 
D = 0.47635 
E= 1.03587 
F= 1.52996 
G = 1.76474 
H=3.89411 
and T*  = kTlE... 
Ii 
As these formulae are all cast in terms of a single value of interaction energy and 
molecule size when these will be different for the different components, it is 
necessary to combine the values for each species into single, representative values. 
Geometric and arithmetic means of the energy (, and ) and molecular size ((T and 
) respectively are generally taken to be adequate simplifications of the complete 
combining rules (Hudson and McCoubrey, 1960); i.e. the combined characteristic 
Lennard-Jones energy F-
ii 
 is given by 
8.. 
Ii 	 ii 
App3.1-4 
and the combined characteristic length cr when using the Lennard-Jones 6-12 poten-







a. and a., and e i and e. may be found experimentally, or their values estimated by 
various methods. Here the interaction energy was estimated from: 
E 
- = l.l5Tb 	 App3.1-6 
k 
where Tb  is the normal boiling point (K) at 1 atm, and the 
scale parameter from 
a= 1.18V1 13 
	
App3.l-7 
where Vb  is the liquid molar volume (in cm3/mol) at the normal boiling point (Reid et 
al., 1987). 
N.B. For air: 0. air = 3.617A and (dk) air 97.0 K 
The molar volume of a liquid at its boiling point can in turn be estimated by sum-
ming the volume contributions for each constituent atom in one molecule (Le Bas, 
1915). A selection of volume contributions are given in table App3.1, and some ex-
perimental values of the molar volume at the normal boiling point given by Le Bas 
(1915), Partington (195 1) and Reid et al. (1987) are shown in table App3.2 along 
with values obtained using the contributions given in table App3. 1. 
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Table App3.1: Molar Volume Contributions (from Le Bas, 1915) 
Carbon 	 14.8 Fluorine 	 8.7 
Hydrogen 3.7 Chlorine 22.1 
Bromine 	 27.0 
Ring of 3 Carbons 	-6.0 Iodine 37.0 
4 Carbons -8.5 Sulphur 
5 Carbons 	-12.0 singly bonded 	25.6 
6 Carbons -15.0 double bonded 21.6 
7 Carbons 	-20.8 Nitrogen 
8 Carbons -26.0 primary amine -NH 2 	10.5 
secondary R 1 -NH-R2 12.0 
Naphthalene Ring 	-30.0 double or triple bonds 	15.6 
Camphene 	207.2 
Air 	 29.9 
Oxygen: 
in methyl ether R 1 -0-CH3 9.9 ( 7.6 if R 1 is aromatic) 
in higher ether R 1 -O-R2 11.0 (10.0 if R 1 is aromatic) 
as part of ring 11.0 (10.0 if ring is aromatic) 
in hydroxyl group R 1 -O-H 6.4 ( 5.6 if R 1 is aromatic) 
in aldehyde R 1 =O 7.4 
in ketone R 1 -(C=O)-R2 9.7 
in acids R I(OA)-OB-H 	12.1 for 	7.4 for 013 
in esters R l (=OA) -OB-R2 	11.0 for 0 A77.4 for 
in methyl esters (R2 is -CH 3)  9.1 for OA, 	7.4 for OB 
Table App3.2: Comparison of Experimental and Estimated Molar Volumes 
(cm3/mol, from Le Bas, 1915, Partington, 1951, and Reid etal., 1987) 
Given Est'd Given Est'd 
Acetone 77.5 76.3 Methyl Heptanoate 196.2 194.1 
Butyl Propanoate 173.2 173.8 Methyl Octanoate 220.1 216.3 
Butyl Butanoate 197.8 196.0 Naphthalene 147.2 147.6 
Camphene 179.5 179.5 Octane 186.26 185.0 
Ethanoic Acid 64.1 63.9 Octyl Methanoate 220.3 218.2 
Ethanol 62.2 58.2 PentylMethanoate 150.5 151.6 
Ethyl Butanoate 150.5 151.6 Pentyl Ethanoate 173.8 173.8 
Ethyl Pentanoate 174.5 173.8 Propan-1-ol 81.8 80.4 
Ethyl Hexanoate 197.7 196.0 Propyl Propanoate 151.0 151.6 
Heptyl Methanoate 196.7 196.0 Propyl Butanoate 174.0 173.8 
Hexyl Methanoate 173.3 173.8 Propyl Pentanoate 197.8 196.0 
Hexyl Ethanoate 197.7 196.0 Propyl Hexanoate 222.2 218.2 
Methyl Pentanoate 149.1 149.7 Propyl Heptanoate 246.5 240.4 
Methyl Hexanoate 172.2 171.9 Water 18.7 17.3 
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Appendix 3.1.2: Wilke and Lee (1955) suggest that in general more accurate results 
may be obtained by replacing the constant in App3. 1-2 with an empirical term based 
on M J12 . Reid et al. (1987) give this modified relation as: 
100 [3.03-o•9811t'2I T312 
D 	 App3.1-8 = 
pM2D 
where all quantities are as before. 
Appendix 3.1.3: Another expression was derived by Fuller et al. (1965, 1966) who 
modified App3. 1-2, replacing the collision integral and scale parameter with a term 
based on the summation of atomic diffusion volumes, giving: 
143 T' 75 
D..= 
Ii 
P j112 [ (; )1/3  + ( 	) 1/3 2 
Ii 	 VI 	 V  
App3.1-9 
All terms are as for App3. 1-2, except for which is obtained for each component by 
summing atomic diffusion volumes. Some original (Fuller et al., 1965 and 1966) and 
modified (Fuller et al., 1969) diffusion volume increments are given in table App3.3. 
Table App3.3: Atomic Diffusion Volume Increments 
Original Modified 
C 15.9 16.5 
H 2.31 1.98 
0 6.11 5.48 
Aromatic Ring -18.3 -20.2 
Air 19.7 20.1 
Water 13.1 12.7 
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Appendix 3.2: Experimental Values 
Listings of references giving experimental values for binary diffusion coefficients are 
given by Marrero and Mason (1972) and Gordon (1977). 
Experimental values for diffusivity in air are only available for some of the sub-
stances of interest in this work. They can be compared for a given temperature and 
pressure by using equation App3.2-1 which relates the diffusion coefficient D at 
absolute temperature Tand pressure p to a reference value D0 obtained at T0 and p0 : 
D=D0 (T/T0 )m (Po /p) 
	
App3.2-1 
Table App3.4 gives values corrected for typical lab conditions (25°C and 101325 
Pa). Where the source gives a value for the temperature exponent m this has been 
used, otherwise where values are given at different temperatures m can be calculated. 
Table App3.4: Notes and Key 
Key: 	 B - Bretsznajder (1971). 
B&S - Berezhnoi and Shekurov (1983). 
C - Caldwell (1984). 
Eckert- Eckert (1950). 
Fuller - Fuller et al. (1966). 
G&D - Gustafson and Dickhut (1994). 
ICT - International Critical Tables (1926). 
Lugg - Lugg (1968). 
MM - Marrero and Mason (1972). 
N&U - Nafikov and Usmanov (1966). 
Reid - Reid etal. (1987). 
RNV - Camacho Rubio et al. (1984a). 
V - Vasilevskaya (1962). 
W&L - Wilke and Lee (1955). 
Notes: ? = Unknown temperature exponent m. Use 1.75 




Table App3.4: Experimental Diffusion Coefficients of Possible Swelling Agents for Natural Convection Mass Transfer 
Lugg ICT B Others 	 -' 	(cm s-1 at 25 ° C, 101325 Pa) 
Acetone 0.1049 0.0935 * B&S - from 41 °C. Don't give p. 
Ethyl iso-Butanoate 0.0675 0.0704 0.0678 
iso-Butyl Ethanoate 0.0690 0.0713 0.0698 
iso-Propyl iso-Butanoate 0.0638 0.0688? 
Ethyl n-Butanoate 0.0669 0.0690 0.0673 * 
iso-Pentyl Methanoate 0.0675 0.0676? 
n-Octane 0.06 16 0.0602 0.0602 * 0.0626 V 	0.0653 N&U - from points at 20 & 40°C. Don't give p. 
n-Propyl Propanoate 0.0679 0.0659 
Methyl n-Pentanoate 0.0665 0.0663 
n-Butyl Ethanoate 0.0672 0.0676? 
n-Propyl iso-B utanoate 0.0627 0.0654 0.0651 
n-Pentyl Methanoate 0.0663 0.0633 
iso-Butyl Propanoate 0.0611 0.0617 0.0620 * 
n-Propyl n-Butanoate 0.0610 0.0631 0.0623 
iso-Butyl iso-Butanoate 0.0551 0.0544 
n-Nonane 0.0564 V 	0.0602 N&U 0.0683 B&S - scaled from results at 140 and 150 ° C. Don't give p. 
iso-Butyl n-Butanoate 0.0559 0.0558 0.0565 
Camphene 0.0712 RNV - from data at 25 and 45°C. 
n-Butyl Propanoate 0.0608 
Ethyl n-Pentanoate 0.0603 0.0610 0.0602 
n-Pentyl Ethanoate 0.0610 
Methyl n-Hexanoate 0.0610 
n-Pentyl Propanoate 0.0559 0.0548 0.0546 * 
n-Propyl n-Pentanoate 0.0556 0.0555 0.0555 
iso-Butyl n-Pentanoate 0.0494 0.0505 0.0507 
n-Butanol 0.0861 0.0838 0.0811 0.0863 RNV - from data at 20 and 40°C. 
n-Decane 0.0530 V 	0.0566 N&U - from points at 40 & 60°C. Don't give p. 
n-Pentyl iso-Butanoate 0.0496 0.0499 0.0505 
n-Pentyl n-Butanoate 0.0486 0.0477 
1,4-Dichlorobenzene 0.0561 RNV - from data at 25 and 45°C. 
Water 0.2564 0.2505 0.2505 MM fit 	0.2674 * Reid 	0.2567 Fuller 	0.2602 * W&L 	0.2944 Eckert 
n-Dodecane 0.0500 N&U - from points at 60 & 80°C. Don't give p. 
Methyl Salicylate 0.0820 Brookfield et al. (1947) from data at 25 and 50 °C 
Naphthalene 0.0611 0.0533 RNV 	0.0836 G&D 0.0834 * C 
n-Hexadecane 0.0407 Bradley and Shellard (1949), from points at 15 and 35 °C 
Mercury 0.1423 0.1339 0.1339 Maxwell and Nash (1969) from data at 11.5 and 26 °C. 
n-Butyl n-Octadecanoate 0.0309 * Bradley etal. (1946) at 20 ° C, 760 mm Hg 
Appendix 3.3: Comparison 
Since experimental values of diffusion coefficient were not available for some of the 
materials used, it was decided to just use one estimation technique for all the values 
needed. 
To decide between the methods outlined in section App3. 1, estimated predictions and 
measured values were compared for several possible swelling agents (Table App3.5). 
The esters used were assumed to be behaving like non-polar molecules, allowing 
them to be modelled using the Lennard-Jones 6-12 potential, and representative 
values of the appropriate parameters for dry air have been used so that it can be trea-
ted as a single substance rather than a mixture. 
The conclusion that the kinetic theory model is the most appropriate for use with 
mixtures of air and the less volatile compounds is supported by Lugg (1968), who 
found that method substantially better at predicting the diffusivities of C 5 to C8 
alcohols and esters. 
The diffusion coefficient values discussed above are all for dry air, although there 
might be appreciable humidity in the atmosphere. In principle it is possible to calcu-
late the diffusion coefficient for the swelling agent in moist air from binary diffusion 




where y1  are the mole fractions of the various components of the mixture. 
In practice this calculation will be difficult as it is necessary to know the diffusivity 
of the swelling agent in water vapour, for which experimental data is very unlikely to 
be available,. Estimation of these diffusion coefficients is tricky as water is not a non-
polar molecule as assumed by many estimation methods, although it might be pos-
sible to use the method of Fuller et al. (Appendix 3.1.3) with values of I V for the 
swelling agent calculated from experimental data. 
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Table App3.5: Comparison of Estimated and Experimental Values for Diffusivity 
in Air (cm2 s) of Various Compounds at 25°C, 101325 Pa. 
iso-Butyl iso-Butanoate 
iso-Butyl n-Butanoate 
H W&L F 
0.0570 0.0619 0.0631 
0.0568 0.0617 0.0631 
L 	ICT B 
0.0551 0.0544 
0.0559 0.0558 0.0565 
Methyl n-Hexanoate 0.0608 	0.0660 	0.0673 	0.0610 
Ethyl n-Pentanoate 0.0607 	0.0659 	0.0673 	0.0603 	0.0610 
n-Propyl n-Butanoate 0.0608 	0.0660 	0.0673 	0.0610 	0.0631 	0.0623 
n-Propyl iso-Butanoate 0.0610 	0.0662 	0.0673 	0.0627 	0.0654 	0.0651 
iso-Propyl iso-Butanoate 0.0615 	0.0668 	0.0673 	0.0638 	0.0688 
n-Butyl Propanoate 0.0607 	0.0659 	0.0673 	0.0608 
iso-Butyl Propanoate 0.0610 	0.0662 	0.0673 	0.0611 	0.0617 	0.0620 
n-Pentyl Ethanoate 0.0606 	0.0658 	0.0673 	0.0610 
H 	W&L 	F 	L 	ICT 	V 	N&U 
n-Octane 	 0.0605 	0.0656 	0.0656 	0.0616 	0.0602 	0.0626 	0.0653 
n-Nonane 0.0562 	0.0610 	0.0616 0.0564 	0.0602 
n-Decane 	 0.0526 	0.057 1 	0.0583 	 0.0530 	0.0566 
Key 
Estimated Values: H - Hirschfelder et al., as per Appendix 3.1.1. 
W&L - Wilke and Lee, as per Appendix 3.1.2. 
F - modified Fuller et al., as per Appendix 3.1.3. 
Measured Values: L - Lugg (1968). 
ICT - given in International Critical Tables (1926). 
B - given by Bretsznajder (1971). 
V - Vasilevskaya (1962). 
N&U - Nafikov and Usmanov (1966). 
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Appendix 4: Estimation of Vapour Pressure 
Antoine (1888): 
B 
log 10 p = A - 
 T+C 
	 App4-1 
where p is in millimetres of mercury 
Tisin°C 
Ohe (1976) gives 
A B C 
n-Pentyl Ethanoate: - N/A — 
iso-Butyl iso-Butanoate 7.63543 1806.356 232.452 
n-Propyl n-Butanoate 7.51334 1746.225 234.070 
n-Pentyl Propanoate 7.75104 1993.472 248.834 
Ethyl Salicylate 8.3343 2663.14 254.50 
iso-Pentyl Ethanoate 8.8943 2471.532 277.88 
• from Paterson et al., 1987 
• obtained by solving eq App4- 1 for three pressures p, known at temperatures Ti  
log p 1 (TI +C) — log p2 (T2 +C) 
LtIlO 51V'.#L'. At  
T1 - T2 
B= (A-logp 3 )(T3 +C) 
[(T1 - T2)(T1logPi- T3109p3)] - [(Ti - 7'3  ) (T1 logp1 - T2 log  p2)] 
C= 
[(T1 - T3 )log(p 1 1p2 ) - (T1 - T2 )log(p 1 /p3 ) 
with the following data: 
iso-Pentyl Ethanoate 
p/mmHg 	1 	5 	10 
TI °C 	0.0 23.7 35.2 (Perry, 1984) 
For Ethyl Salicylate, Clapeyron's equation was used to determine the vapour pres-
sure, as this provides a better fit in the limited region of interest: 
B 
log 10 p = A - — 
T 
where p is in millimetres of mercury 
Tis in K 
App4-2 
T1s 	;xrpq a = 
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Paterson et al. (1987) give A B 
Ethyl Salicylate 8.8870 3005.49 
1-Methyl Naphthalene 8.1083 2768.69 
The constants for Clapeyron's equation can be found by solving eq n  App4-2 for two 
pressures p1  known at temperatures Ti: 
T1 log p1 - T2 log p2 
A= 
T1 -T2 
log (PI 1p2) 
B= 
(1 / T2 ) - (1 / T1  ) 
For n-Nonane and n-Decane the most reliable vapour pressure fit was felt to be that 
of King and al-Najjar (1974): 
lnp = alnT+ bT - d/T+ E 
where p is in millimetres of mercury 
T is in K 
a 	b 	d 
n-Octane 	-16.43864 0.0151970 8555.30 
n-Nonane -17.56832 0.0152556 9467.40 








Appendix 5: Estimation of Viscosity 
Linear regressions of viscosity values given for dry air between 250 and 350 K by 
Kays and Crawford (1980) result in the expressions 
lnv air = 1.76888lnT-21.1502 	 App5-1 
for the kinematic viscosity v (m 2  s'), andair 
ln 1air = 0.76775 In T - 15.2773 	 App5-2 
for the dynamic viscosity r air  (Pa s) of air. -'  
The dynamic viscosity Tj of the solvent vapour can be estimated from kinetic theory 
(Reid et al., 1987): 
26.69 (MI) 112 
App5-3 
a2 
where M is the molecular weight of the swelling agent (kg kmol 1 ) 
T is the temperature (K) 
a is the characteristic molecular size, estimated using App3.1-7 
KIV  is the dimensionless collision integral for viscosity, given by 
A 	C 	E 
i2v = 	+ 	+ 	 App5-4 (r)B exp(DT) exp(FT) 
where A=1.16145 
B = 0.14874 
C = 0.52487 
D = 0.77320 
E = 2.16178 
F = 2.43787 
and T = kT/E, where FJk is estimated using App3. 1-6. 
The dynamic viscosity of water vapour at the temperatures of interest was found by 
extrapolation from the values of 861 and 937 cP x10 5 at 0°C and 20°C respectively 
(Bretsznajder, 1971). 
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The dynamic viscosity of a mixture can be found from those of its n components by 





v1  4 
where y, are the mole fraction of each component i. Values of were obtained using 
the method of Zerning and Hipperer (Reid etal., 1987): 
(M, IM,) 	1 
The kinematic viscosity of the mixture Vmjx  could then be found by dividing the 
mixture dynamic viscosity r by the mixture vapour density Pmix'  where: 
pinix = Ii =i Yi P i 
Numerical experiments modelling an air I iso-Pentyl Ethanoate vapour / water 
vapour mixture suggest that in natural convection work an error of less than one 
percent is incurred if the viscosity of the fluid is simply always assumed to be that of 
dry air at 25°C, 1.554x10 5 m2 s 1 . Similar considerations for a Naphthalene/Water 
vapour/Air system are presented by Sparrow and Niethammer (1979). 
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Appendix 6: Other Physical Properties 
Swelling agents used in this work, with manufacturer, stated purity and Chemical 










Fiuka puriss. (99%+) 
Fluka purum (97%+) 
Fluka purum (98%+) 
Acros Organics 99%+ 
Fluka purum (99%+) 
Fluka purum (99%+) 
Eastman Organics practical 
Aldrich 99% pure 










Molecular mass, boiling point (at atmospheric pressure) and density of swelling 
agents: 
RMM Tb/ °C p/kg m 3 at 20°C 
n-Pentyl Ethanoate: 130.19 149.2 875.6 
iso-Pentyl Ethanoate: 130.19 142 871.2 
n-Pentyl Propanoate: 144.22 168.8 873 
* 
iso-Butyl iso-Butanoate: 144.22 148.6 854 * 
n-Propyl n-Butanoate: 130.19 143 873.0 
n-Nonane: 128.26 150.8 717.6 
n-Decane: 142.28 174.1 730.0 
Ethyl Salicylate: 166.18 234 1132.6 
1-Methyl Naphthalene: 142.20 244.6 1020.2 
Molecular mass of air is 28.964 g mol' 
Data from CRC handbook (1993) except * from TRC (1995) 
* taken from manufacturer's data 
g=9.8066ms 2 
R = 8.31441 J mo1 1 K- ' 
1 mm Hg = 133.3224 Pa exactly. 
1 bar 	= IX105 Pa exactly. 
1 atm = 1.01325x105 Pa exactly. 
0°C 	= 273.15 K exactly. 
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Refractive Index 
Pure Liquid RTV 615 Sealant DC 734 
Dry 	 n/a 1.410 1.408 1.407 
n-Pentyl Ethanoate 	1.403 1.404 1.403 
iso-Pentyl Ethanoate 1.401 1.403 1.402 
iso-Butyl iso-Butanoate 	1.398 1.401 1.401 
n-Pentyl Propanoate 1.406 1.407 1.407 
n-Propyl n-Butanoate 	1.399 1.401 
n-Nonane 	 1.405 1.404 1.405 
n-Decane 1.411 1.410 1.410 
Ethyl Salicylate 	 1.522 1.428 1.427 1.426 
1-Methyl Naphthalene 	1.613 1.445 1.442 1.441 
Refractive index of glass prism: 	1.514 Water: 1.334 
Refractive index of Perspex prism: 1.656 Wet Gelatin: 1.355 
Refractive index of glass plate: 	1.518 
(measured directly using a Bellingham and Stanley 'Standard 60/70' Abbé refractometer) 
In this work, effects due to overall changes in refractive index of the fluid or of the 
swollen polymer due to transfer of the solvent from the coating to the fluid have been 
assumed to be negligible (apart from woozing and wavering). In particular, the re-
fractive index variation in the air due to solvent vapour in natural convection ex-
periments is assumed to form as soon as the test object is put into position and so 
already exists when the first holographic exposure is made and remains constant; the 
effect is therefore excluded from the fringe pattern. 
The change in refractive index of the swollen polymer caused by the loss of swelling 
agent is assumed to be negligible as only a small fraction of the solvent can leave the 
polymer before the end of the constant rate period. For experimental systems where a 
much greater proportion of the swelling agent may leave the polymer, such as the 
combination of gelatin and water, it is possible to estimate the refractive index of a 
swollen polymer from Gladstone's law (Preston, pp.  134-135, 1901) whereby the 
refractive index n of the mixture is related to the refractive indices n and n and mix 	 1 	2 
volume fractions 01  and 02 of its components: 
(ii mix - 1) = 0 , (n -1) + 2 (n2 -1) 
Effects due to bulk changes in the refractive index of the air in forced convection ex-
periments when using the front-viewing geometry are also usually taken to be in-
significant because of the small amount of solvent vapour involved, although the 
existence of woozing and wavering suggests this assumption may not be true. This 
difficulty is avoided by the total internal reflection geometry. The refractive index of 
vapour laden air may be found from the Lorentz-Lorenz formula by using the con-
cept of molar refractivity (e.g. Born and Wolf, p.  87, 1975). 
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Appendix 7: Computer Programs 
Appendix 7.1: Fringe Pattern Simulator 
In the case of mass transfer from a flat plate, the interferometric 
fringes represent contours of equal mass transfer coefficient. This not only simplifies 
the analysis of fringe patterns, but it also makes it easy to predict the form of the 
fringe pattern that should be seen under a given flow situation, such as natural 
convection or an impinging jet. This is no longer true for curved surfaces, so it was 
felt desirable to have some means of predicting the overall form of the fringe pattern 
in advance, as this allows problems to be identified during the course of the experi-
ment, rather than only after the data is analysed. A computer program was therefore 
written that can generate predicted fringe patterns for any given time during an 
experimental run in the form of graphical image files. 
The principle of operation of the program is simple: for each point on 
the test object in turn the geometrical factor is computed from the relations given in 
Appendix 2 and the local Sherwood number Sh is calculated from a suitable correla-
tion or theoretical predictive equation, such as Int-14 for natural convection from a 
vertical flat plate. The fringe order N at that point at the time being modelled is then 
obtained from a re-arranged form of A.3.5-6. The intensity I of the corresponding 
pixel in the image is then found from 
I = 10 cos2 [(N-INT(N)) it] 	 App7-1 
where I is the maximum intensity to be displayed in the image and INT(N) repre-
sents the integer part of N (the program assumes that the zero-order fringe will be 
bright, rather than dark). 
Simulated fringe patterns representing mass transfer from vertical rods 
have been compared with experimental observations in Chapter F. Another useful 
feature of the program is its ability to automatically generate a series of images at 
constant timesteps. This feature was originally incorporated into the program to 
provide test data for the projected automated fringe analysis system described in 
Appendix 7.2, but it was also found to be useful for generating computer animations 
of the predicted fringe patterns: as with real on-line fringes the movement makes it 
easier to identify features such as minima or maxima within the fringe pattern, and so 
it makes it easier to compare different mathematical models. 
As an example, figures App7. 1 to App7.3 show the fringe patterns 
predicted for an impinging jet in the front-viewing geometry by three different 
methods. The jet of air with Re = 1000 issues from a plain tube nozzle 7 mm internal 
diameter d located 2.5 nozzle diameters from the centre of a plate 20 cm square and 
bearing a coating swollen with Ethyl Salicylate. The ambient conditions are 25°C and 
101325 Pa. The plate is both illuminated and viewed in a direction normal to its 
surface, and the patterns are calculated for a time 270 s after the flow is started. 
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Figure App7. 1 is computed using the empirical correlations of Gholi-
zadeh (1992); namely that 
Sh(rid) = (1.648 - 1.08 1 Sc°'025 (rid)2 - 0.31 5Sc°°47(rid)) Re  0.5  SC  0.361 
App7-2 
for rid < 0.6, 
Sh(r/d) = 0.93 Re05 Sc°36' (rid)-0 '8 	 App7-3 
for 0.6 :!~ rid :!~ 2.0, 
Sh(rid) = 1.18 Re" Sc °' 36 ' (r1d)"1 	 App7-4 
for 2.0 <rid :!~ 6.0; for rid> 6.0 Sh can be found from the relation given by Scholtz 
and Trass (1963): 
0 = 0.1590 DSA  SC  1/3  Re  0.71  [di r5]0'25 [1 + (1r)3 10.75 	App7-5 
where 1 is a correction term known as the Glauert length parameter, and is estimated 
from 
lid = 0.1327 Re 1/3 	 App7-6 
The fringe pattern in this case has a central maximum, from where the mass transfer 
decreases monotonically with distance from the axis. Figure App7.2 is the fringe 
pattern based on the theory of Scholtz and Trass, App7-5, over the whole surface. 
Here there is a local minimum at the stagnation point with a surrounding local 
maximum at about rid = 1.4. Figure App7.3 also uses a prediction based on App7-5, 
but with the Glauert length parameter set to zero; this predicts a single maximum of 
extremely high mass transfer at the stagnation point - the Moire patterns in the centre 
are due to the simulated fringes being smaller than the pixel size. The mass transfer 
coefficients further from the jet are similar for all three prediction techniques, sug-
gesting that for the values of Sc and zid being modelled the Glauert length term is 
over-correcting the other terms in App7-5. 
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Figure App7. 1: Fringe pattern due to an impinging jet simulated from the 
correlations of Gholizadeh (1992). 
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Figure App7.2: Fringe pattern due to an impinging jet simulated from the 
correlations of Scholtz and Trass (1963). 
210 
Figure App7.3: Fringe pattern due to an impinging jet simulated from the 
correlations of Scholtz and Trass (1963) but with the Glauert length 
parameter set to zero. 
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Appendix 7.2: Proposed Scheme for Automatic Fringe Analysis 
The analysis of the interferometric fringes is currently by far the most 
time-consuming part of the experimental work, and represents the biggest obstacle to 
the convenient use of on-line interferometry to-make mass transfer measurements in 
arbitrary flow situations. Wang et al. (1994) have constructed a system based on 
phase-stepping interferometry that allows automatic ordering and analysis of off-line 
fringes, but it is still unable to identify the absolute fringe order. 
The scheme proposed here is based on the notion that the fringe pat-
terns in on-line interferometry are purely visual artefacts: the information required, 
which is the local rate of surface recession, is contained in the frequency of the in-
tensity variation seen at each point. The local fringing rates can thus be found by 
digitising the fringe patterns at equal time intervals and then carrying out a Fourier 
transform in the time domain. Such an approach would avoid the problems with 
initial plate creep and heating effects encountered in off-line work, and would also 
avoid the confusion between fringes and surface features experienced in the work on 
natural convection in the total internal reflection geometry. 
A system of this type could either store all the images on the compu-
ter's hard disk at once and then do the calculations at its leisure, or it could attempt to 
perform the analysis in real time, making the relevant computations between acquir -
ing successive frames. A simple Discrete Fourier Transform (DFT) is likely to be 
more appropriate than a Fast Fourier Transform (FFT) for two reasons: the extra 
calculations in the DFT need only be made once for each frame, so that the computa-
tional savings made by using an FFT algorithm become less significant as the 
number of points analysed from each frame increases; and FFT algorithms would 
generally consider the data points in groups of four, which for a real time system 
would imply that the system stayed idle through three inter-frame intervals and then 
had to perform the calculations for all four frames during just one such period. 
An informal feasibility study found that a system based on digitising 
the fringe patterns at one quarter resolution (i.e. 192 by 144 pixels) would require 
about 110 Mb of main memory to hold the intermediate data (the frequency compo-
nent values) for a total of 256 captured frames. A 90MHz CPU was estimated to be 
able to process such frames in real time at a rate of about 1 every 3 seconds. Manual 
counting starts to become difficult for fringing rates above 1 every 10 seconds, so 
such a system would have a similar range and precision to current manual analysis 
methods but could produce about 30 000 data points rather than just the two or three 
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